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Abstract. Hipparcos parallaxes fix distances to individ- 
ual stars in the Hyades cluster with an accuracy of ~6 per- 
cent. We use the Hipparcos proper motions, which have 
a larger relative precision than the trigonometric paral- 
laxes, to derive ^3 times more precise distance estimates, 
by assuming that all members share the same space mo- 
tion. An investigation of the available kinematic data con- 
firms that the Hyades velocity field does not contain signif- 
icant structure in the form of rotation and/or shear, but is 
fully consistent with a common space motion plus a (one- 
dimensional) internal velocity dispersion of ^0.30 km s~^. 
The improved parallaxes as a set are statistically con- 
sistent with the Hipparcos parallaxes. The maximum ex- 
pected systematic error in the proper motion-based par- 
allaxes for stars in the outer regions of the cluster (i.e., 
beyond ~2 tidal radii '^20 pc) is ^0.30 mas. The new par- 
allaxes confirm that the Hipparcos measurements are cor- 
related on small angular scales, consistent with the limits 
specified in the Hipparcos Catalogue, though with signif- 
icantly smaller 'amplitudes' than claimed by Narayanan 
& Gould. We use the Tycho-2 long time-baseline astro- 
metric catalogue to derive a set of independent proper 
motion-based parallaxes for the Hipparcos members. 

The new parallaxes provide a uniquely sharp view of 
the three-dimensional structure of the Hyades. The colour- 
absolute magnitude diagram of the cluster based on the 
new parallaxes shows a well-defined main sequence with 
two 'gaps'/'turn-offs'. These features provide the first di- 
rect observational support of Bohm-Vitense's prediction 
that (the onset of) surface convection in stars significantly 
affects their {B — V) colours. We present and discuss 
the theoretical Hertzsprung-Russell diagram (log L versus 
log Toff) for an objectively defined set of 88 high-fidelity 
members of the cluster as well as the S Scuti star 6"^ Tau, 
the giants S^, 6^, e, and 7 Tau, and the white dwarfs V471 
Tau and HD 27483 (all of which are also members). The 
precision with which the new parallaxes place individual 
Hyades in the Hertzsprung-Russell diagram is limited by 
(systematic) uncertainties related to the transformations 
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from observed colours and absolute magnitudes to effec- 
tive temperatures and luminosities. The new parallaxes 
provide stringent constraints on the calibration of such 
transformations when combined with detailed theoretical 
stellar evolutionary modelling, tailored to the chemical 
composition and age of the Hyades, over the large stel- 
lar mass range of the cluster probed by Hipparcos. 

Key words: astrometry - stars: distances - stars: funda- 
mental parameters - stars: Hertzsprung-Russell diagram 
- open clusters and associations: individual: Hyades 



1. Introduction 

The Hyades open cluster has for most of the past century 
been an important calibrator of many astrophysical rela- 
tions, e.g., the absolute magnitude-spectral type and the 
mass-luminosity relation. The cluster has been the subject 
of numerous investigations (e.g., van Bueren 1952; Pels et 
al. 1975; Reid 1993; Ferryman et al. 1998) addressing, e.g., 
cluster dynamics and evolution, the distance scale in the 
Universe (e.g., Hodge & Wallerstein 1966; van den Bergh 
1977) , and the calibration of spectroscopic radial velocities 
(e.g., Petrie 1963; Dravins et al. 1999). 

The significance of the Hyades is nowadays mainly lim- 
ited to the broad field of stellar structure and evolution. 
Open clusters in general form an ideal laboratory to study 
star formation, structure, and evolution theories, as their 
members are thought to have been formed simultaneously 
from the same molecular cloud material. As a result, they 
have (1) the same age, at least to within a few Myr, (2) 
the same distance, neglecting the intrinsic size which is 
at maximum 10-20 pc, (3) the same initial element abun- 
dances, and (4) the same space motion, neglecting the in- 
ternal velocity dispersion which is similar to the velocity 
dispersion within the parental molecular cloud (typically 
several tenths of a km s~^). The Hyades open cluster in 
particular is especially suitable and primarily has been 
used for detailed astrophysical studies because of its (1) 
proximity (mean distance ^^45 pc), also giving rise to sev- 
eral other advantages such as relatively bright stars and 
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negligible interstellar reddening and extinction, (2) large 
proper motion (/i ~ 111 mas yr"'^) and peculiar space mo- 
tion (~35 km s^^ with respect to its own local standard of 
rest), greatly facilitating both proper motion- and radial 
velocity-based membership determinations, and (3) varied 
stellar content ('^400 known members, among which are 
white dwarfs, red giants, mid-A stars in the turn-off re- 
gion, and numerous main sequence stars, at least down to 
~0.10 Mq M dwarfs). Its proximity, however, has also al- 
ways complicated astrophysical research: the tidal radius 
of ~10 pc results in a significant extension of the cluster on 
the sky (~20°) and, more importantly, a significant depth 
along the line of sight. As a result, the precise definition 
and location of the main sequence and turn-off region in 
the Hertzsprung-Russell (HR) diagram, and thereby, e.g., 
accurate knowledge of the Helium content and age of the 
cluster, has always been limited by the accuracy and reli- 
ability of distances to individual stars. Unfortunately, the 
distance of the Hyades is such that ground-based paral- 
lax measurements, such as the Yale programme (e.g., van 
Altena et al. 1995), have never been able to settle 'the 
Hyades distance problem' definitively. 

The above situation improved dramatically with the 
publication of the Hipparcos and Tycho Catalogues (ESA 
1997). In 1998, Ferryman and collaborators (hereafter 
P98) published a seminal paper in which they presented 
the Hipparcos view of the Hyades. P98 studied the three- 
dimensional spatial and velocity distribution of the mem- 
bers, the dynamical properties of the cluster, including 
its overall potential and density distribution, and its HR 
diagram and age. At the mean distance of the cluster 
[D ^ 45 pc), a typical Hipparcos parallax uncertainty of 

1 mas translates into a distance uncertainty of D^/1000 ~ 

2 pc. Because this uncertainty compares favorably with 
the tidal radius of the Hyades (^10 pc), the Hipparcos 
distance resolution is sufficient to study details such as 
mass segregation (§7.1 in P98). Uncertainties in absolute 
magnitudes, on the other hand, are still dominated by 
Hipparcos parallax errors (JjO.lO mag) and not by photo- 
metric errors (^0.01 mag; §9.0 in P98). 

Kinematic modelling of collective stellar motions in 
moving groups can yield improved parallaxes for individ- 
ual stars from the Hipparcos proper motions (e.g., Dra- 
vins et al. 1997, 1999; de Bruijne 1999b; hereafter B99b). 
Such parallaxes, called 'secular parallaxes', are more pre- 
cise than Hipparcos trigonometric parallaxes for individ- 
ual Hyades as the relative proper motion accuracy is effec- 
tively ~3 times larger than the relative Hipparcos parallax 
accuracy. P98 discuss secular parallaxes for the Hyades 
(their §6.1 and figures 10-11), but only in view of their 
statistical consistency with the trigonometric parallaxes. 
Improved HR diagrams, based on Hipparcos secular paral- 
laxes, have been published on several occasions, but these 
diagrams merely served as external verification of the qual- 
ity and superiority of the secular parallaxes (e.g.. Mad- 
sen 1999; B99b). Narayanan & Gould (1999a, b) derived 



secular parallaxes for the Hyades, but used these only to 
study the possible presence and size of systematic errors 
in the Hipparcos data. Although narrow main sequences 
are readily observable for distant clusters, the absolute 
calibration of the HR diagram of such groups is often un- 
certain due to their poorly determined distances and the 
effects of interstellar reddening and extinction. The latter 
problems are alleviated significantly for nearby clusters, 
but a considerable spread in the location of individual 
members in the HR diagram is introduced as a result of 
their resolved intrinsic depths. 

Hipparcos secular parallaxes for Hyades members pro- 
vide a unique opportunity to simultaneously obtain a well- 
defined and absolutely calibrated HR diagram. In this pa- 
per we derive secular parallaxes for the Hyades using a 
slightly modified version of the procedure described by 
B99b (§§). Sections || and ^ discuss the space motion and 
velocity dispersion of the Hyades, as well as membership 
of the cluster, respectively. The secular parallaxes are de- 
rived and validated in §[|| and The validation includes 
a detailed investigation of the velocity structure of the 
cluster and of the presence of small-angular-scale correla- 
tions in the Hipparcos data. The three-dimensional spatial 
structure of the Hyades, based on secular parallaxes, is dis- 
cussed briefly in Readers who are primarily interested 
in the secular parallax-based colour-absolute magnitude 
and HR diagrams can turn directly to §^; we analyze these 
diagrams in detail, and also address related issues such as 
the transformation from observed colours and magnitudes 
to effective temperatures and luminosities, in §§p|-p^. Sec- 
summarizes and discusses our findings. Appendices 
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A and B present observational data and discuss details of 
the derivation of fundamental stellar parameters for the 
Hyades red giants and for the 5 Scuti pulsator 9^ Tan. 



2. History, outline, and revision of the method 

2.1. History 

We define a moving group (or cluster) as a set of stars 
which share a common space motion v to within the in- 
ternal velocity dispersion a^. The canonical formula, based 
on the classical moving cluster/convergent point method, 
to determine secular parallaxes TTgec from proper motion 
vectors /x, neglecting the internal velocity dispersion, reads 
(e.g., Bertiau 1958): 



A\^i\ 



I sin A ' 



(1) 



where A = 4.740 470 446 km yr s ^ is the ratio of one 
astronomical unit in kilometers to the number of seconds 
in one Juhan year (ESA 1997, Vol. 1, table 1.2.2) and A is 
the angular distance between a star and the cluster apex. 
We express parallaxes in units of mas (milli-arcsec) and 
proper motions in units of mas yr~^. 
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The derivation of secular parallaxes for Hyades (or 
Taurus cluster) members from proper motions and/or ra- 
dial velocities using eq. (|l|) dates back to at least Boss 
(1908; cf. Smart 1939; see Turner et al. 1994 for a review). 
Several authors have criticized such studies for various rea- 
sons (e.g., Seares 1945; Brown 1950; Upton 1970; Hanson 
1975; cf. Cooke & Eichhorn 1997); the ideal method si- 
multaneously determines the individual parallaxes and the 
cluster bulk motion, as well as the corresponding velocity 
dispersion tensor, from the observational data. Murray & 
Harvey (1976) developed such a procedure, and applied it 
to subsets of Hyades members. Zhao & Chen (1994) pre- 
sented a maximum likelihood method for the simultaneous 
determination of the mean distance (and dispersion) and 
kinematic parameters (bulk motion and velocity disper- 
sion) of moving clusters, and also applied it to the Hyades. 
Cooke & Eichhorn (1997) presented a method for the si- 
multaneous determination of the distances to Hyades and 
the cluster bulk motion. 



2.2. Outline 

The Hipparcos data recently raised renewed interest in 
secular parallaxes. Dravins et al. (1997) developed a max- 
imum likelihood method to determine secular parallaxe^ 
based on Hipparcos positions, trigonometric parallaxes, 
and proper motions, taking into account the correlations 
between the astrometric parameters (cf. §2 in B99b). The 
algorithm assumes that the space velocities of the n cluster 
members follow a three-dimensional Gaussian distribution 
with mean v, the cluster space motion, and standard devi- 
ation iTi, , the (isotropic) one-dimensional internal velocity 
dispersion; the three components of v correspond to the 
ICRS equatorial Cartesian coordinates x, y, and z (ESA 
1997, Vol. 1, §1.5.7). The model has 3 + 1 + n unknown 
parameters: v, cr^, and the n secular parallaxes. 

After maximizing the likelihood function, one can de- 
termine the non-negative model-observation discrepancy 
parameter g for each star (eq. 8 in B99b). As the g's are 
approximately distributed as with 2 degrees of free- 
dom (Dravins et al. 1997; B99b; cf. Lindegren et al. 2000; 
Makarov et al. 2000), g > 9 is a suitable criterion for de- 
tecting outliers. Therefore, the procedure can be iterated 
by rejecting deviant stars (e.g., undetected close binaries 
or non-members) and subsequently re-computing the max- 
imum likelihood solution, until convergence is achieved in 
the sense that all remaining stars have g < 9. By defi- 
nition, the maximum likelihood estimate of the velocity 
dispersion cr^ decreases during this process. Monte Carlo 
simulations show that this iterative procedure can lead to 
underestimated values of by as much as 0.15 km s^^ 
for Hyades-like groups (B99b). 



2.3. Revision 

A wealth of ground-based radial velocity information was 
accumulated for the Hyades over the last century. The 
cluster has an extent on the sky that is large enough 
to allow an accurate derivation of its three-dimensional 
space motion based on proper motion data exclusively 
(e.g., de Bruijne 1999a, b; Hoogerwerf & Aguilar 1999). 
We nonetheless decided to modify the maximum likeli- 
hood procedure (§^) so as to enforce global consistency 
between the maximum likelihood estimate of the radial 
component of the cluster space motion and the spectro- 
scopic radial velocity data as a set. Therefore, we multi- 
plied the astrometric likelihood merit function C (eq. 6 in 
B99b) by a radial velocity penalty factor: 



C 



C ■ exp 



2al 



(2) 



where A is the median value of (wrad — tirad.prod)/ 
(^^rad +'^^)^^^' computed over all stars with a (rehable) 
radial velocity (§3.2), where ?;rad,prod = Wa; cos a cos ^ -I- 



Wj, sin a cos (5 -I- sin (5, and {a,S) denote the equatorial 
coordinates of a star. The quantity a a is the allowed in- 
consistency in A. We choose cta = 0.5, which corresponds 
to ^0.25 km s~^ when expressed in terms of the me- 
dian effective r adi al velocity uncertainty {a^ + o'lY^^ 
0.50 km s-i (§U). 

In order to work around the ay bias mentioned in § ^.2| , 
we decided to introduce a second modification of the orig- 
inal procedure. This change involves the decoupling of the 
determination of the cluster motion plus velocity disper- 
sion from the determination of the secular parallaxes 
and goodness-of-fit parameters g given the cluster veloc- 
ity and dispersion (§||; cf. Narayanan & Gould 1999a, b). 
We thus reduce the dimensionality of the problem from 
3 + 1 + n to ri (cf. §^. However, the n-dimensional max- 
imum likelihood problem of finding n secular parallaxes 
and goodness-of-fit parameters g for a given space motion 
and velocity dispersion simplifies directly to n indepen- 
dent one-dimensional problems (§2 in B99b). This leads 
to three additional advantages: (1) it reduces the com- 
putational complexity of the problem; (2) it allows an a 
posteriori decision on the g rejection limit (§pT^); and (3) 
it allows a treatment on the same footing of stars lack- 
ing trigonometric parallax information, such as Hyades 



selected from the Tycho-2 catalogue (§4.3). In practice. 



^ The aim of Dravins' investigations is the derivation of 
astrometric radial velocities. Spectroscopic radial velocities are 
therefore not used in their modelling. 



the analysis of such stars only requires the reduction of 
the dimensionality of the vector of observables ajjip and 
the corresponding vector c and matrices Cnip and D from 
3 to 2 and 3 x 3 to 2 x 2, respectively, through suppression 
of the first component (see §2 in B99b) . 

3. Space motion and velocity dispersion 

The procedure outlined in §§2!2|-2.3 is based on two basic 
assumptions, namely that (1) the cluster velocity field is 
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Fig. 1. Panels a, b, c: the evolution of the cluster space motion components Vx, Vy, and (in km s"'^) in the 
equatorial Cartesian ICRS frame during the rejection of stars in the revised iterative procedure using ay = 0.30 km s^^, 
0.5, and a g rejection limit of 9 (§ 



CTA 



73| and 3.2). The dots show the values of the space motion components at 
a given iteration step. The dashed lines denote the median values of the space motion components: {vx,Vy,Vz) = 
(—5.84,45.68,5.54) km s~^. Panel d: the evolution of the vel ocit y dispersion during the rejection of stars in the 
unrevised procedure using a g rejection limit of 9 (§§^^ and 3T). The dots show the median values of the velocity 
dispersion at a given iteration step. The discontinuity of the slope of the relation exhibited by the dots around step 
^12 coincides with the physical (one-dimensional) velocity dispersion of the Hyades (~0.30 km s~^; dashed line). 



known accurately, and (2) the astrometric measurements 
of the stars correctly reflect their true space motions. As- 
sumption (2) can be safely met by excluding from the 
analysis (close) multiple systems, spectroscopic binaries, 
etc. (j |4.3| ). Assumption (1) requires a careful analysis, to 
which we will return in i |6.4| . For the moment, it suffices to 
say that there exist neither conclusive observational evi- 
dence nor theoretical predictions that the velocity field of, 
at least the central region of, the Hyades cluster is non- 
Gaussian with an anisotropic velocity dispersion. 

We opt to define the space motion and velocity disper- 
sion of the Hyades based on a well-defined set of secure 
members. P98 used the Hipparcos positions, parallaxes, 
and proper motions, complemented with ground-based ra- 
dial velocities if available, to derive velocities for individ- 
ual stars in order to establish membership based on the 
assumption of a common space motion. P98 identified 218 
candidate members, all of which are listed in their table 2 
(i.e., column (x) is '1' or '?'). We take these stars, and ex- 
clude all objects without radial velocity information (i.e., 
column (p) is '*') and all (candidate) close binaries (i.e., 
either column (s) is 'SB' (spectroscopic binary) or column 
(u) is one of 'GOVXS'; see ESA 1997 for the definition 
of the Hipparcos astrometric multiplicity fields H59 and 
H61). This leaves 131 secure single members with high- 
quality astrometric and radial velocity information^^. 



3.1. Velocity dispersion 



We start the unrevised procedure (§2.2) for the above- 



Contrary to what had been communicated, the 26 'new 
Coravel radial velocities' in P98's table 2 (column (r) is '24') do 
not include the standard zero-point correction of +0.40 km 
(§3.2 in P98; finding confirmed by J.-C. Mermilliod through 
private communication) . 

^ As described in P98, the Griffin et al. radial velocities 
(column (r) is '1') for main sequence stars in their table 2 have 
to be corrected according to Gunn et al.'s (1988) eq. (12), but 



described sample of 131 stars using a g rejection limit of 
9. Figure]^ (panel d) shows the evolution of the maximum 
likelihood value derived for while rejecting stars. The 
estimated velocity dispersion decreases rapidly, more-or- 
less linearly, from ~1 km s~^ initially to ~0.30 km s~^ in 
the first ^11 steps. Previous studies of the Hyades cluster 
show that its physical (one-dimensional) velocity disper- 
sion is -0.30 km s"^ (Gunn et al. 1988: 0.23±0.05 km s'^ 
Zhao & Chen 1994: 0.37±0.04 km s"^ Dravins et al. 1997: 
0.25 ± 0.04 km s~^ P98: 0.20-0.40 km s"^; Narayanan & 
Gould 1999a, b: 0.32 ±0.04 km s'^; Lindegren et al. 2000: 
0.31 ± 0.02 km s"^ Makarov et al. 2000: -0.32 km s'^). 
From step ~12 onwards, the maximum likelihood disper- 
sion estimate decreases, again more-or-less linearly but 
much more gradually, to ~0 km s~^ in step ~60-70. 
Not surprisingly, the corresponding evolution of the space 
motion shows an unwanted trend beyond step ~12 (not 
shown): the unrevised method is forced to search for a 
maximum likelihood solution which has a velocity disper- 
sion that is smaller than the physical value. 

Given the Hyades space motion (or convergent point; 
§3.2), a semi-independent^ estimate of the internal ve- 



accounting for a sign error (Gunn's eq. 12 should read: Wmoas — 

^truc — ... instead of l^truc ^mcas — . . .). I'rad, corrected — ^rad 
q{V) - 0.5 km S~^ for V > 6.0 mag and Vrad, corrected = Urad — 

0.5 km s-i for V < 6.0 mag, where g(V) = 0.44-700- lO-" "*'^ . 
The seemingly large discontinuity (~2.3 km s^^) at V = 6 mag 
in this correction is academic for the Hyades as there are no 
main sequence members brighter than this magnitude. 

* Kinematic member selection requires an a priori estimate 
of the expected velocity dispersion in the cluster. The stars 
used in this analysis were selected as members by P98 under 
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Table 1. Comparison of the Hyades space motion of different studies: this study {[cry, <ta], where = 0.20,0.30, or 
0.40 km s-i and cta = 0.1 or 0.5; the default is [0.30, 0.50]), Ferryman et al. (1998; P98 [134/180] for the 134/180 stars 
within 10/20 pc of the cluster center), Narayanan & Gould {1999a; NG99a), Dravins et al. (1997; D97), and Lindegren 
et al. (2000; LMDOO). The components of the cluster space motion v in the equatorial Cartesian ICRS coordinate 
system are Vx, Vy, and Vz (in km s~^). The coordinate system (vr,v±,v\\) is described in § ^.2[ The convergent point 
(a,(5)cp is given in equatorial coordinates (in the ICRS system in degrees). The Hyades convergent point coordinates 
are strongly correlated; a typical value for the correlation coefficient p between acp and ^cp is p ^ —0.8 (§4.1 and 
figure 4 in de Bruijne 1999a). 



Study 


Vx 




Vy 




Vz 


O'v, 


Vr 


v± 






Sep 


[0.30,0.5] 


-5.84 


0.26 


45.68 


0.11 


5.54 


0.07 


39.48 


0.00 


24.35 


97.29 


6.86 


[0.30,0.1] 


-5.74 


0.10 


45.67 


0.08 


5.58 


0.04 


39.52 


-0.00 


24.25 


97.16 


6.91 


[0.20, 0.5] 


-5.77 


0.10 


45.64 


0.05 


5.59 


0.07 


39.49 


-0.03 


24.25 


97.21 


6.93 


[0.40, 0.5] 


-5.99 


0.18 


45.73 


0.09 


5.52 


0.05 


39.46 


-0.03 


24.50 


97.46 


6.83 


P98 [134] 


-6.28 


0.20 


45.19 


0.20 


5.31 


0.20 


38.82 


-0.02 


24.56 


97.91 


6.66 


P98 [180] 


-6.32 


0.20 


45.24 


0.20 


5.30 


0.20 


38.84 


-0.02 


24.62 


97.96 


6.61 


NG99a 


-5.70 


0.20 


45.62 


0.11 


5.65 


0.08 


39.51 


-0.06 


24.17 


97.12 


7.01 


D97 


-6.07 


0.13 


45.77 


0.36 


5.53 


0.11 


39.47 


-0.06 


24.59 


97.55 


6.83 


LMDOO 


-5.90 


0.13 


45.65 


0.34 


5.56 


0.10 


39.44 


-0.05 


24.38 


97.36 


6.89 



locity dispersion (t„ can be derived through a so-called 
/x_L-component analysis (§20 in Blaauw 1946; §7.2 in P98; 
§4.2 in B99b; Lindegren et al. 2000). The proper mo- 
tion components are directed perpendicular to the great 
circle joining a star and the apex, and as such, by defi- 
nition, exclusively represent peculiar motions (A^_j^; one- 
dimensional, in km s^^) and observational errors (A^^ ; in 
mas yr~^): 



where the step follows from the statistical independence 
of the peculiar motions and the observed proper motion 
errors. Upon using vr = 21.58 mas^ {D = 46.34 pc; 
P98), and calculating p± and A^^ from the Hipparcos 
positions and proper motions using the maximum likeli- 
hood apex {acp, Sep) = (97?29,6?86) (Table |l|; it 
follows that (A^ j_)V2 _ 0.20-0.40 km s-\ where the 
precise value of this quantity depends on the details of 
the selection and subdivision of the stellar sample (Ta- 
ble The abovementioned range is consistent with our 
assumed value of 0.30 km s~^. We therefore decided to 
take cr^ = 0.30 km s^^ fixed in the remainder of this 
study, i.e., we reduce the dimensionality of the problem 
from 3+l + nto3 + n (§|0). 



3.2. Space motion 



Our next step is to start the revised procedure ([:2.3) for 
the same sample of 131 stars, but take ay = 0.30 km s~^ 
and (Ta = 0.5. We exclude multiple systems without a 
known systemic (or center-of-mass or 7-) velocity, as well 
as objects with a variable radial velocity, in the calcu- 
lation of the penalty factor (eq. ^; i.e., all stars with a 

the assumption that the cluster velocity dispersion is small 
compared to the typical measurement error of a stellar velocity. 
^ Individual secular parallaxes (§^ give identical results. 



#-sign preceding column (q) in P98's table 2). Figure H 
shows the evolution of the maximum likelihood estimates 
of the space motion components while rejecting stars; we 
derive {vx,Vy,Vz) = (-5.84 ± 0.26, 45.68 ± 0.11, 5.54 ± 
0.07) km s~^. Table ^ shows the results of varying a a 
and ay. Changing cta, for example, from 0.5 to 0.1 at 
fixed ay = 0.30 km s~^ yields a set of secular parallaxes 
(§^) which differ systematically in the sense (7rscc,CTA=o.i — 
7rsoc,CTA=o.5} ~ -1-0.08 mas, independent of visual magni- 
tude. We take {vx,Vy,v,) = (-5.84,45.68,5.54) km s~i 
fixed in the remainder of this study, i.e., we reduce the 
dimensionality of the problem, now from 3 -f n to n. 

Table compares the space motions found by us with 
results derived by P98|, Dravins et al. (1997), Narayanan 
& Gould (1999a), and Lindegren et al. (2000) from Hip- 
parcos data. We refrain from comparing our values to pre- 
Hipparcos results (e.g., Schwan 1991; Zhao & Chen 1994; 
Cooke & Eichhorn 1997), as these are (possibly) influ- 
enced by fundamental uncertainties in the pre-Hipparcos 
proper motion reference frames (the Hipparcos positions 
and proper motions are absolute, and are given in the 
Hipparcos ICRS inertial reference frame; cf. §4 in P98). 
Table ^ also compares the different space motions in 
the {vr,v±,v\\) coordinate system, which is oriented such 
that the w^-axis is along the radial direction of the clus- 
ter center, which is (arbitrarily) defined as (a, (5)cciitor — 



^ Whereas our space cluster motion(s) and the values listed 
by Dravins et al. and Narayanan & Gould correspond to the 
arithmetic mean value of individual motions of (a given set 
of) stars, P98 lists mass-weighted mean values of individual 
velocities. We investigated the effect of weighing the individual 
motions by stellar mass, and found the difference between the 
final cluster space motions to be generally less than 0.10 km s~^ 
in each coordinate; we therefore conservatively assume that 
quoting a 0.20 instead of a 0.10 km s~^ error on the P98 space 
motion components 'absorbs' this uncertainty. 
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Fig. 2. Observed (wrad.obs) and predicted (wrad,prod; § P.3|) 
radial velocities for 131 secure members (§||). Left: distri- 
bution of observed radial velocities; the dashed line de- 
notes the radial component of the Hyades cluster mo- 
tion derived in this study (39.48 km s~^) using ay = 
0.30 km s-i and cta = 0.5 ([0.30, 0.5] in Table 0). The 
spread and skewness of the distribution are caused by 
the perspective effect. Middle: distribution of observed 
minus predicted radial velocities; 71/60 stars have neg- 
ative/positive Wrad, obs — Wrad, pred- Right: normalized distri- 
bution of observed minus predicted radial velocities, tak- 
ing into account a velocity dispersion of <7y = 0.30 km s~^. 
The black curve is a properly scaled zero-mean unit- 
variance Gaussian; the mismatch between the observa- 
tions and prediction can be due to non- members and/or 
undetected close binaries, an underestimated velocity dis- 
persion, underestimated radial velocity errors, or a com- 
bination of these effects (§ |3.2| ). Five stars fall outside the 
plotted range. 



normalized distribution of observed minus predicted radial 
velocities (right; taking into account a velocity dispersion 
of (Ty — 0.30 km s^^). The distribution of observed ra- 
dial velocities is not symmetric but skewed towards lower 
''^rad.obs valucs; the median z'rad,obs 

value (38.60 km s^^) 
is 0.66 km s^^ larger than the straight mean of the ob- 
served i^radjobs valucs (37.94 km s~^). The large spread and 
skewness in the distribution of observed radial velocities 
are caused by the perspective effect, which is significant for 
the Hyades due to its large extent on the sky (S|l|). The per- 
spective effect has been removed in the middle and right 
panels of Figure The middle panel shows that the radial 
component of our space motion (39.48 km s~^) yields an 
acceptable Wrad,obs — '^rad.prod distribution. The deviation 
between the predicted zero-mean unit-variance Gaussian 
and the observed histogram in the right panel is possibly 
caused by (1) the presence of a few non-members (and 
possibly some not-detected close binaries), (2) a slightly 
underestimated cluster velocity dispersion, and/or (3) un- 
derestimated Wrad,obs crrors. The histogram and Gaussian 
prediction would agree, given the Wrad,obs errors, if CTi, is in- 
creased to ~0. 80-0. 90 km s~^, or, given = 0.30 km s~^, 
if the individual random Urad,obs errors are increased by 
an amount of ^0.50-0.60 km s^^. While the first possibil- 
ity seems highly unlikely (§3.1; cf. Gunn et al. 1988), the 



required 'extra radial velocity uncertainty' is not unrea- 
sonable, given it is of the same order of magnitude as the 
(poorly determined) non-physical zero-point shifts usually 
adopted in radial velocity studies (e.g., Gunn et al. 1988; 
cf. §§3.2 and 7.2 in P98). 



(41^ 26' 32", 17° 13.'3) (J2000.0), the t;j_-axis is along the di- 
rection perpendicular to the cluster proper motion in the 
plane of the sky, and the wn-axis is parallel to the cluster 
proper motion in the plane of the sky. We conclude that 
our space motion is consistent with the values derived by 
Dravins et al., P98, Narayanan & Gould, and Lindegren 
et al.; our radial motion agrees very well with the Dravins 
et al., Narayanan & Gould, and Lindegren et al. values, 
whereas our tangential motion perfectly agrees with Lin- 
degren et al. and lies between the Narayanan & Gould 
value on the one hand and the P98 and Dravins et al. 
values on the other hand. The radial components of the 
P98 space motions (38.82-38.84 km s~^) deviate signifi- 
cantly (at the level of ~0.70 km s~^) from all other values 
in Table |l| (cf. §4.2 in Narayanan & Gould 1999a). Un- 
fortunately, the mean spectroscopically determined radial 
velocity of the Hyades cluster is not well defined; Detweiler 
et al. (1984), for example, find 39.1±0.2 km s-\ but their 
table 1 gives an overview of previous determinations which 
show a discouragingly large spread (cf. Gunn et al. 1988). 
Figure ^ shows, for the 131 secure single members, the 
distribution of observed radial velocities (left), the distri- 
bution of observed minus predicted radial velocities (§2.3) 
given the cluster space motion (middle), and the properly 



4. Membership 

Having determined the Hyades space motion and velocity 
dispersion, we are in a position to discuss membership. 

4-1. Hipparcos: Perryman et al. (1998) candidates 

The Hipparcos Catalogue contains 118 218 entries which 
are homogeneously distributed over the sky. The catalogue 
is complete ioV^ 7.3 mag, and has a limiting magnitude 
oiV^ 12.4 mag. In the case of the Hyades, special care 
was taken to optimize the number of candidate members 
in the Hipparcos target list. As a result, the Hipparcos 
Input Catalogue (Turon et al. 1992) contains ^^240 can- 
didate Hyades members in the field 2*^ 15™ < a < 6*^ 5™ 
and -2°<S < 35° (§3.1 in P98). P98 considered all 5 490 
Hipparcos entries in this field for membership, and ended 
up with 218 members. The P98 member selection is gen- 
erous: only very few genuine members, contained in both 
the Hipparcos Catalogue and the selected field on the sky, 
have probably not been selected, whereas a number of field 
stars (interlopers) are likely to be present in their list. P98 
distinguish members (197 stars) and possible members (21 
stars); the latter do not have measured radial velocities 
(column (x) = '?' in their table 2). 
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Table 2. Statistics of the /ij^ proper motion components 
for the 63 brightest (spectral type ~ SpT < G5) high- 
fidelity {g = gmp < 9; §||) single P98 members (col- 
umn (s) in P98's table 2 is not 'SB'), using {acp,Scp) 



(97?29, 6?86) (see eq. || and §3.1). Hyades main sequence 
members with spectral types later than ~G5 have mod- 
est Hipparcos proper motion accuracies due to their faint 
magnitudes {V > 8.5 mag; e.g., figure 1 in Hoogerwerf 
2000). Results are tabulated for four ranges in spectral 
type {n stars from SpT_ trough SpT^); the spectral- 
type averaged value of (A^ j^)^^^ for these 63 stars is 
~0.25 km s-^ 



convergent point and Spaghetti method. These studies 
used Hipparcos data but excluded radial velocity infor- 
mation. The convergent point method uses proper motion 
data only, confirms membership for 203 of the 218 P98 



SpT_ 


SpT+ 


n 


mas 


mas 


km s ^ 


A2 


FO 


16 


1.35 


0.89 


0.23 


FO 


F5 


16 


1.71 


0.88 


0.31 


F5 


F8 


16 


1.33 


0.96 


0.20 


F9 


G5 


15 


1.71 


1.13 


0.28 



P98 divide the Hyades into four components (r is the 
three-dimensional distance to the cluster center): (1) a 
spherical 'core' with a 2.7 pc radius and a half-mass ra- 
dius of 5.7 pc; (2) a 'corona' extending out to the tidal 
radius rt ~ 10 pc (134 stars in core and corona); (3) a 
'halo' consisting of stars with rt ^ r ^ 2rt which are still 
dynamically bound to the cluster (45 stars; e.g., Pels et 
al. 1975); and (4) a 'moving group population' of stars, 
possibly former members, with r ^ 2rt which have similar 
kinematics to the bound members in the central parts of 
the cluster (39 stars; e.g., Asiain et al. 1999; cf. §7 in P98). 

The fact that P98 restricted their search to a pre- 
defined field on the sky limits knowledge on and com- 
pleteness of membership, especially in the outer regions 
of the cluster: the 10 pc tidal radius translates to a clus- 
ter diameter of ^^25° whereas the P98 field measures 57?5 
in a and 37?0 in 6. Although this problem seems minor 
at first sight, suggesting a solution in the form of simply 
searching the entire Hipparcos Catalogue for additional 
(moving group) members, it is daunting in practice: thou- 
sands of Hipparcos stars all over the sky have proper mo- 
tions directed towards the Hyades convergent point (§4.2 
in de Bruijne 1999a). Whereas this in principle means that 
these stars, in projection at least, are 'co-moving' with the 
Hyades, the identification of physical members of a mov- 
ing group (or 'supercluster') population is not trivial, and 
requires additional observational data (cf. §§7-8 and ta- 
ble 6 in P98; i |6.4.2 ). We therefore restrict ourselves to 
the P98 field (§ 



|)7 Section |4.3| discusses the possibility 
to extend membership down to fainter magnitudes using 
the Tycho-2 astrometric catalogue. 

4-2. Hipparcos: additional candidates 

De Bruijne (1999a) and Hoogerwerf & Aguilar (1999) re- 
analyzed Hyades membership, based on the refurbished 



members (cf. Table A.l), and selects 12 new candidates 
within 20 pc of the cluster center. The Spaghetti method, 
using proper motion and parallax data, selects six new 
candidate members, three of which are in common with 
the 12 proper motion candidates mentioned above. The 
Spaghetti method does not confirm 56 P98 members (cf. 
Table A.l ); however, 49 of these are low-probability (i.e., 
'1-3(t') P98 members. Table [A.2| lists the 15 new candi- 
dates. We defer the discussion of these stars to §5.2 



4-3. Tycho-2: bright binaries and faint candidates 

The Tycho(-l) Catalogue (ESA 1997), which is based on 
measurements of Hipparcos' starmapper, contains astro- 
metric data for ~1 million stellar systems with a ~10- 
20 times smaller precision than Hipparcos. Its complete- 
ness limit is y ~ 10.5 mag. Despite the 'inferior astro- 
metric precision', the Tycho positions as a set are supe- 
rior to similar measurements in any other catalogue of 
comparable size. The Tycho measurements (median epoch 
1991.25) have therefore been used as second epoch mate- 
rial in the construction of a long time-baseline proper mo- 
tion project, culminating in the Tycho-2 catalogue (H0g et 
al. 2000a, b; cf. Urban et al. 1998a; Kuzmin et al. 1999). 
This project uses the Astrographic Catalogue positions, 
as well as data from 143 other ground-based astrometric 
catalogues, as first epoch material (median epoch '^1904). 
The Astrographic Catalogue (Debarbat et al. 1988; Urban 
et al. 1998b) was part of the 'Carte du Ciel' project, which 
envisaged the imaging of the entire sky on 22 660 overlap- 
ping photographic plates by 20 observatories in different 
'declination zones'. The Tycho-2 catalogue contains ab- 
solute proper motions in the Hipparcos ICRS frame for 
~2.5 million stars with a median error of '^2.5 mas yr~^. 
Its completeness limit is F ^ 11.0 mag. Tycho-2 contains 
proper motions for 208 of the 218 P98 candidates; the en- 
tries HIP 20440, 20995, and 23205 are (photometrically) 
resolved binaries in Tycho-2. 

The Tycho-2 proper motions can be used in two ways. 
First, as a result of the ^--^4 year time baseline over which 
Hipparcos obtained its astrometric data, the proper mo- 
tions of some multiple systems do not properly refiect 
their true systemic motions as a result of unrecognized 
orbital motion (e.g., de Zeeuw et al. 1999; Wielen et al. 
1999, 2000; these systems are called 'A^ binaries'). As 
the long time-baseline Tycho-2 proper motions suffer from 
this effect to a much smaller extent, they sometimes sig- 
nificantly better represent the true motion of an object 
than the Hipparcos measurements do. Second, the Tycho- 
2 catalogue can in principle be used to provide mem- 
bership information for stars beyond the Hipparcos com- 
pleteness limit, i.e., in the range 7.3 ^ V 12.4 mag 
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Fig. 3. First ami second row: the 208 entries which 
have Hipparcos trigonometric (tthip), Hipparcos secular 
(TTsec.Hip), and Tycho-2 secular (7rsec,Tycho-2) parallaxes 
(in mas). The top row shows properly normalized differ- 
ence distributions for TTHip — TTgccHip (column 1), TTHip — 
7rsec,Tycho-2 (columu 2), and 7rsoc,Hip~'^soc,Tycho-2 (column 
3). The black curves are zero- mean unit- variance Gaus- 
sian distributions. The numbers in the top of each top 
panel denote the mean (left) and median (right) of the 
plotted difference. The second row compares the differ- 
ent parallaxes. Third and fourth row: trigonometric and 
secular parallaxes, and their random errors (§5^), for the 
same stars. The third row compares the different paral- 
laxes for single stars, while the bottom row shows multi- 
ple stars (i.e., either column (s) in P98's table 2 is 'SB' or 
'RV, column (t) is 'H', T, or 'M', or column (u) is one of 
'C G O V X S'). Black symbols have gnip < 9; gray symbols 
have f^Hip > 9- The numbers in the left panels indicate the 
relevant numbers of stars (gray, black). Stars having large 
goodness-of-fit parameters guip are '^2 times more likely 
multiple than low-gnip stars (cf. sS). 



(the Tycho-2 catalogue contains ^^90,000 stars in P98's 
Hyades field). The search for new (faint) members is, how- 
ever, non-trivial. The Hipparcos Gatalogue in the field 
of the Hyades is already relatively complete in terms of 
(known) members of the cluster (cf. figure 2 and §3.1 in 
P98), so that the majority of new members is necessar- 
ily quite faint (V^ ^ 10.0 mag). Moreover, most of the 
Tycho-2 entries have no known radial velocity and/or par- 
allax (although some stars in the Tycho-2 catalogue have 
Tycho parallax measurements, the typical associated ran- 
dom errors for Hyades fainter than V ^ 7.3 mag are sim- 
ilar in size or larger than the expected parallaxes them- 
selves, TT ~ 22 mas). We therefore cannot select (faint) 
Tycho-2 Hyades members along the lines set out by P98, 
but must, e.g., follow Hoogerwerf's (2000) method in- 
stead. This method, which is based on a convergent point 
method, selects (faint) stars which (1) are consistent with 
a given convergent point and the two-dimensional proper 
motion distribution of a given set of (bright) Hipparcos 
members, and (2) follow a given main sequence. How- 
ever, the resulting list of candidate members contains hun- 
dreds of falsely identified objects (interlopers), especially 
in the faint magnitude regime (e.g., Hoogerwerf 2000; cf. 
de Bruijne 1999a). Rehable suppression of these stars re- 
quires at least (yet unavailable) radial velocity and/or par- 
allax data. We therefore refrain from pursuing this route 
further in this paper. 

5. Secular parallaxes 

We now determine secular parallaxes for the 218 P98 
members and the 15 new candidates discussed in us- 
ing the space motion and velocity dispersion found in ^ 
{vx,Vy,Vz,cry = —5.84,45.68,5.54,0.30 km s~^) as con- 



stants (§2^). This provides, for each proper motion (ei- 
ther Hipparcos or Tycho-2), a secular parallax (TTgccHip 
or 7rsoc.Tycho-2) a nd a n associated random error (cr7r,soc,Hip 
or cr7r,sec,Tycho-2; j j5.4| ) and goodness-of-fit parameter ((/Hip 
or 5'Tycho-2; Appendix A). As the Hipparcos and Tycho-2 
proper motions are independent measurements, the corre- 
sponding secular parallaxes can in principle be averaged, 
taking the errors into account as weighting factors. It is, 
however, less clear how to incorporate the goodness-of-fit 
parameters gmp and (/Tycho-2 in the averaging process. 
We therefore provide both secular parallaxes for all stars 
and refrain from giving any average value. 

5.1. Hipparcos: Ferryman et al. (1998) candidates 

Figure ^ shows a global comparison between the different 
sets of parallaxes. The mean and/or median Hipparcos 
parallax is equal to the mean and/or median secular par- 
allax (either Hipparcos or Tycho-2) to within ^0.10 mas. 
This implies that the secular parallaxes are reliable and do 
not suffer from a significant systematic component (cf. 
This conclusion is supported by Table y, which compares 
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Table 3. Hipparcos and Tycho-2 secular parallaxes, and associated goodness-of-fit parameters gmp and 5Tycho-2, for 
the binaries which have both trigonometric (ESA 1997) and orbital parallaxes (Torres et al. 1997a, b, c). 
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18.31 ±0.69 


18.70 ±0.29 


17.92 ±0.58 


0.19 


0.00 
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21.47 ±0.97 


21.29 ±0.37 


21.08 ±0.38 


21.44 ±0.67 


7.20 


0.00 


20894= 


1265 1172 


1 


21.89 ±0.83 


22.24 ±0.36 


22.35 ±0.36 


21.22 ±0.76 


0.26 


0.22 



TTtrigonometric ~ 19.4 ± 1.1 mas (Gatewood et al. 1992) and TTtrigonomotric = 18.23 ± 0.86 mas (Soderhjelm 1999). 
TTtrigonometric = 22.1 ±1.1 mas (Soderhjelm 1999). 



See 



10. £ and B.3 for a discussion of this system. 



trigonometric and secular parallaxes for three Hyades bi- 
naries which also have orbital parallaxes. 

The goodness-of-fit parameter ijHip allows a natural di- 
vision between high-fidelity kinematic members (gHip ^ 9) 
and kinematically deviant stars {gmp > 9; §2.2; cf. Fig- 
ure |). The latter are not necessarily non-members, but 
can also be (close) multiple stars for which the Hipparcos 
proper m otio ns do not properly reflect the center-of-mass 
motion (§0). Fifty of the 197 P98 members with known 
radial velocities have gmp > 9, which leaves a number of 
high-fidelity members similar to that found by Dravins 
et al. (1997; 133 stars), Madsen (1999; 136 stars), and 
Narayanan & Gould (1999b; 132 stars) (cf. table 3 in Lin- 
degren et al. 2000). Fourteen of the 21 possible P98 mem- 
bers (column (x) = '?' in their table 2) have gmp > 9. 



These stars do not have measured radial velocities (§4.1), 
and P98 membership is based on proper motion data only. 
All but one of these stars are rejected as Hyades members 
by de Brui jne ( 199 9a) and/or Hoogerwerf & Aguilar (1999; 
Table A.l; cf. §4.2). The 14 suspect secular parallaxes thus 



most likely indicate these objects are non-members. 



5.2. Hipparcos: additional candidates 



Table A. 2 lists secular parallaxes for the 15 additional can- 



didate members (j |4.2| ). The assumption that these stars 
share the same space motion as the Hyades cluster (in 
other words: the assumption of membership) generally re- 
sults in both high values for the goodness-of-fit param- 
eters gmp and secular parallaxes which are inconsistent 
with the trigonometric values. This means these stars are 
likely non-members (cf. §4.2 in B99b); only three of them 
(HIP 19757, 21760, and 25730) have gm,p < 9. In retro- 
spect, especially HIP 19757 is a likely new member: it 
was selected as candidate both by dc Bruijne (1999a) and 
Hoogerwerf & Aguilar (1999); it has an uncertain trigono- 
metric parallax {nmip — 16.56 ±4.48 mas) due to its faint 
magnitude {V = 11.09 mag); it has a Hipparcos secular 
parallax (TTgoc.Hip = 20.19 ± 1.04 mas; gmip — 2.67) which 
places it at only 7.15 pc from the cluster center; its Hippar- 
cos secular parallax puts it on the Hyades main sequence 
(y|); and it has an unknown radial velocity. 



5.3. Tycho-2: faint candidates 

The 'Base de Donnees des Amas ouverts' database (BDA; 
[http : / / obswww . unige . ch/ webda/ webda . html ) contains 
23 photometric Hyades which are not contained in the 
Hipparcos Catalogue but which were observed by Tycho 
(cf. §3.1 and figure 2 in P98). The Tycho-2 secular paral- 
laxes of most of these stars lie between 18 and 22 mas, in- 
dicating they are located at the same distance as the bulk 
of the bright Hyades. Only four of them have (7Tycho-2 > 9. 
Most of these stars are thus likely members. We discuss 
their HR diagram positions in §|[ 

5.4. Random secular parallax errors 



Table |A.1| contains random secular parallax errors result- 
ing from both uncertainties in the underlying proper mo- 
tions and the internal velocity dispersion in the cluster 
{ay = 0.30 km s'^ §4.1 in B99b). Hipparcos/Tycho-2 
secular parallax errors for Hyades are on average a factor 
^3.0 smaller than the corresponding Hipparcos trigono- 
metric parallax errors. 

6. Systematic secular parallax errors? 

Although the secular parallaxes derived in §^ have small 
random errors, they might suffer from significant system- 
atic errors. In this section, we investigate the influences of 
the maximum likelihood method, the uncertainty of the 



tangential component of the cluster space motion (§6.1), 
the correlated Hipparcos measurements (i |6.2| ), as well as 
possible unmodelled patterns in the velocity field of the 



Hyades (§3.4). Section 6.5 summarizes our results 



6.1. Cluster space motion 

Extensive Monte Carlo tests of the maximum likelihood 
procedure (§§^.2|-p^) show that, given the correct cluster 
space motion, the method is not expected to yield system- 
atic secular parallax errors larger than a few hundredths 
of a mas (e.g., §§3.2.2.1 and 3.2.2.3, table 3, and figure 
5 in B99b). It is possible, though, that a systematic er- 
ror is introduced through the use of an incorrect value 
for the tangential component of the cluster space motion 
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Fig. 4. Left: the trigonometric-minus-secular parallax difference field s{£,b) (eq. smoothed using the Gaussian 
kernel G{£, b) (eq. ||) with smoothing length (jg = 1°. Solid contours correspond to s > 0; dotted contours correspond 
to s < 0; gray contours denote s = 0. Heavy/light contours are spaced by 1.0/0.25. The dots indicate the positions of 
127 Hyades with non-suspect secular parallaxes {gmp < 9). Black symbols have s > (60 stars), while gray symbols 
have s < (67 stars). The symbol sizes correspond linearly to the strength of the signal s (larger symbols denote 
larger |s|; see legend). Middle: as left panel, but for the projected stellar number density p(£, b) = (5d(^, b). The lowest 
contour level equals 0.25 star deg~^. Right: as left panel, but for the signal s{i, b) divided by the density p(£, b). 



(u||; § |3.2| ). We estimate cr^n ~ 0.15 km s~^ from Table |l|. 
This uncertainty gives rise to maximum systematic secu- 
lar parallax errors of ~0.14 mas (cr^n = 0.30 km s~^ gives 
0.28 mas; see §4.2 in B99b and use v\\ = 24.35 km s^^, 
/I = 111.0 mas yr~^, crj^ = 0.15 mas yr~^, and tthI^ — 
1000.0/45.0 mas). This value compares favorably to typi- 
cal random secular parallax errors for Hyades ('^0.50 mas; 
Table A.l). It is, nonetheless, desirable to obtain a more 
precise estimate of the tangential component of the clus- 
ter space motion. This requires a better knowledge of the 
associated radial space motion component and internal ve- 
locity dispersion and/or more precise proper motion mea- 
surements (iu] 



6.2. Hipparcos correlations on small angular scales 

The Hipparcos Catalogue contains absolute astrometric 
data. Absolute in this sense should be interpreted as lack- 
ing global systematic errors at the ~0.10 mas (yr"-'^) level 
or larger (ESA 1997; cf. Narayanan & Gould 1999a, who 
quote an upper limit of 0.47 mas for the Hyades field). 
However, the measurement principle of the satellite does 
allow for the existence of correlated astrometric parame- 
ters on small angular scales (~l°-3°; e.g., Lindegren 1989; 
ESA 1997, Vol. 3, p. 323 and 369). These correlations 
have been suggested to be responsible for the so-called 
'Pleiades anomaly', i.e., the fact that the mean distance 
of the Pleiades cluster as derived from the mean Hipparcos 
trigonometric parallax differs from the value derived from 



stellar evolutionary modelling (Pinsonneault et al. 1998; 
but see, e.g., Robichon et al. 1999; van Leeuwen 1999). 

The left panel of Figure ^ shows the 1 "-smoothed error- 
normalized difference field of the Hipparcos trigonometric 
minus secular parallaxes for all stars with non-suspect sec- 
ular parallaxes [gwi-p < 9) in the center of the Hyades clus- 
ter (170?0 <(. < 190?0 and -32?0 <b< -12?0; I and b 
denote Galactic coordinates). In order to obtain this field, 
we convolved the sum of the discrete quantity s: 



s = s{l,b) = 6^{l,b) 



TTHii 



TT, 



sec, Hip 



ip ' ^7r,scc,Hip'' 

where 5d denotes the two-dimensional Dirac delta func- 
tion, for each star with the normalized two-dimensional 
Gaussian smoothing kernel 



(4) 



G{l,b) 



1 



27rCT„^ 



• exp 



+ 



(5) 



where Us = 1° is the smoothing length. The appearance 
of the difference field depends on the adopted smoothing 
length, though not very sensitively. Taking a large smooth- 
ing length returns a smooth field, whereas a small smooth- 
ing length gives a 'spiky distribution', reminiscent of the 
original delta function-type field (eq. ^). Given a Hyad, its 
closest neighbour on the sky is typically found at an angu- 
lar separation of ~0?5. Our choice of the smoothing length 
(1?0) corresponds to the median value (for all stars) of the 
median angular separation of the ~3-4 nearest neighbours 
on the sky. We checked that the smoothed difference field 
has the same overall appearance when adopting smooth- 
ing lengths of 0?5 or 2?0. 
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Fig. 5. Left two panels: normalized difference between Hipparcos trigonometric and secular parallaxes for the 218 
P98 members as function of location in the cluster. The left panel shows a spatial division according to r (the three- 
dimensional distance to the cluster center using Hipparcos secular parallaxes) in five spherical annuli (from center to 
core radius [2.7 pc] to half-mass radius [5.7 pc] to tidal radius [10 pc] to two tidal radii [20 pc] to 40 pc). The cluster 
center is (6^,6^,6^) = (—43.37,0.40,-17.46) pc in Galactic Cartesian coo rdin ates (cf. table 3 in P98). The right 
panel shows a spatial division according to the six equal- volume pyramids (§ |6.3| orientation in Galactic coordinates). 
Black/gray symbols show results for stars with gjjip < 9/c». Filled symbols and vertical lines denote mean and standard 
deviation (ilcr uncertainty), while open symbols denote median values; the numbers in the upper/lower halves of the 
panels denote the corresponding numbers of stars with tthip — TTsccHip >/< 0. Right two panels: the goodness-of-fit 
parameter gnip as function of r (left; 202 stars) and a magnification of this panel for 144 high-fidelity (i.e., low-gnip) 
members in the central parts of the cluster (right). Open symbols denote multiple stars (i.e., either column (s) in 
P98's table 2 is 'SB' or 'RV, column (t) is 'H', T, or 'M', or column (u) is one of 'CGOVXS'; 103/64 entries in the 
left/right panel). 



The smoothed difference field shows several positive 
and negative peaks with a fuU-width-at-half-maximum of 
a few degrees. These peaks can be due to spatially cor- 
related errors in the Hipparcos parallaxes TTHip on small 
angular scales, spatially correlated errors in the Hippar- 
cos secular parallaxes TTsccHip on small angular scales, or 
both. From the fact that the peaks are not evident in the 
smoothed difference field of the Hipparcos secular paral- 
laxes and the mean cluster parallax (not shown), whereas 
they are present in the smoothed difference field of the 
Hipparcos trigonometric parallaxes and the mean parallax 
(not shown), we conclude that they are mainly caused by 
correlated Hipparcos measurements, notably the trigono- 
metric parallaxes (cf. Narayanan & Gould 1999b). As the 
relative precision of the Hipparcos proper motions is ~5 
times higher than the relative precision of the Hipparcos 
trigonometric parallaxes (cf. §0), the Hipparcos secular 
parallaxes, which have more-or-less been directly derived 
from the Hipparcos proper motions, are correlated as well, 
though with smaller 'amplitudes'. 

The quantity s (eq. ^) denotes, for a given star, the di- 
mensionless significance (in terms of the effective Gaussian 
standard deviation a = icrl^mp + '^l^sec.mp)^^^ ^ 1-5 mas) 
of the parallax difference TTuip — TTgoc.Hip- As the smooth- 
ing kernel G (eq. ||) is properly normalized to unit area in 
two dimensions, the smoothed difference field can be inter- 
preted in terms of net significance per square degree. The 
right panel of Figure ^ shows the corresponding smoothed 
difference field expressed in terms of net significance per 
star. This field was obtained by dividing the smoothed 
signal field by an identically smoothed stellar number den- 



sity field p{£, b) = Soii, b) (middle panel of Figure |). The 
smoothed difference field expressing significance per star 
also contains patches of size a few degrees with both nega- 
tive and positive contributions, although there is no large- 
scale trend (cf. Figure §). We thus conclude that the Hip- 
parcos trigonometric parallaxes towards the Hyades clus- 
ter are spatially correlated over angular scales of a few 
degrees. The maximum deviations in the central region of 
the cluster (p ^ 0.5 star deg~^), however, are generally 
less than ~0. 50-0.75(7 per star (i.e., ^ 0.75-1.00 mas). 
The signal in the outer parts of the cluster is statistically 
non-interpretable as it is severely influenced by the con- 
tributions of individual stars. 

Our conclusions are qualitatively consistent with the 
results of Narayanan & Gould (1999b, their figure 9 and 
§6.2; cf. Lindegren et al. 2000). These authors, however, 
overestimate, by a factor of ~2, the strength of the corre- 
lation by claiming that 'the Hipparcos parallaxes toward 
the Hyades are spatially correlated over angular scales of 
a few degrees, with an amplitude of about 1-2 mas' . 

6.3. Three-dimensional location within the cluster 

Figure || (§||) shows that the secular parallaxes as a set 
(i.e., averaged over all regions within the cluster) are sta- 
tistically identical to the Hipparcos trigonometric paral- 
laxes. Figure ^ compares Hipparcos secular and trigono- 
metric parallaxes as function of the three-dimensional dis- 
tance r to the cluster center and as function of spatial loca- 
tion within the cluster according to an equal- volume pyra- 
mid division: we divide a(n artificial) three-dimensional 
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box containing all cluster members in six adjacent equal- 
volume pyramids, all of them having their top at the clus- 
ter center. This division, as viewed from the Sun in Galac- 
tic coordinates, yields six distinct regions: 'back', 'left' 
(i.e., towards smaller longitudes), 'front', 'right' (i.e., to- 
wards larger longitudes), 'top' (i.e., towards larger lati- 
tudes), and 'bottom' (i.e., towards smaller latitudes). Al- 
though systematic differences seem to be present in Fig- 
ure ^, they are smaller than a few tenths of the median 
effective parallax uncertainty (cr^,Hip^ + cr 

TT, sec, Hip ) ^ 

1.0-1.5 mas. Figure || also shows that the distribution of 
the goodness-of-fit parameter gmp does not show unwar- 
ranted dependencies on distance from the cluster center. 
We thus conclude that secular parallaxes for stars in the 
inner and outer regions of the cluster do not differ signif- 
icantly (i.e., at the ~0.30 mas level or larger). 

6.4- Cluster velocity field 



The method described in S§ 2.2 -2.3 assumes that the ex- 



pectation values E(vi) of the individual stellar velocities 
Vi [i — 1 , . . . , n) equal the cluster space motion v (cf . 

A random internal velocity dispersion in addition to 
this common space motion is allowed and accounted for 
in the procedure, as random motions do not affect E(vi) 
by definition. However, a systematic velocity pattern, such 
as expansion or contraction, rotation, and shear, has not 
been taken into account in the modelling. The application 
of the procedure to data subject to velocity patterns is 
thus bound to lead to incorrect and/or biased results. 

6.4.1. Pre- Hipparcos results 

Many studies have been devoted to the detection or ex- 
clusion of velocity structure in the Hyades (see P98 for an 
overview), although iV-body simulations of open clusters 
generally predict that, for gravitationally bound groups 
like the Hyades, velocity patterns are generally too small 
to be measured with present-day data (e.g., Dravins et 
al. 1997; §7.2 in P98). In view of the Hyades age (t = 
625 ± 50 Myr; P98), shear is not likely to be present 
in the core and corona: using a.^ = 0.30 km s~^ and a 
half-mass radius of 5 pc (Pels et al. 1975), it follows that 
r ~ 20 crossing times, which means that the central parts 
of the cluster are relaxed (cf. Hanson 1975). The Hyades 
age also puts a rough upper limit on the linear expansion]^ 
coefficient K < 0.0016 km pc""'^ (resulting in a bias 
in the radial component of the maximum likelihood clus- 



^ The only astrometrically non-observable velocity pattern 
is an isotropic expansion at a rate K (appendix A in Dravins et 
al. 1999): such velocity structure cannot be disentangled from 
a bulk motion in the radial direction based on proper motion 
data only {K is the linear expansion coefficient in km pc~^; 
cf. §§3.2.3-3.2.4 in B99b). Neglecting a uniform expansion for 
a cluster at a distance D [pc] yields a bias in its mean radial 
velocity oi -D ■ K [km s~^] (e.g., eq. 13 in B99b). 



ter space motion of ^—0.07 km s~^). A global rotation of 
the cluster could be present, although Wayman (1967; cf. 
Wayman et al. 1965 and Hanson 1975) claimed that the 
cluster rotation about three mutually perpendicular axes 
is consistent with zero to within 0.05 km s~^ pc~^; Gunn 
et al. (1988) present (weak) evidence for rotation at the 
level of ^1 km s~^ radian"^ (cf. O'Connor 1914). 



6.4.2. Hipparcos parallaxes: Ferryman et al. (1998) 

Figure 8(b) in P98 displays the three-dimensional veloc- 
ity distribution {vmVvTVw) of the 197 P98 members with 
known radial velocities. Although the velocity residuals 
seem to show evidence for shear and/or rotation, notably 
for stars in the outer regions (figure 9 in P98), the sys- 
tematic pattern can be explained by a combination of the 
transformation of the observables (tthip, /ia* , /i^, Wrad,obs) 
to the linear velocity components {vmVvTVw) and the 
presence of Hipparcos data covariances: P98 show that 
the assumption of a common space motion for all mem- 
bers with a one-dimensional internal velocity dispersion 
of 0.30 km s~^, which allows averaging of the individual 
motions and associated covariance matrices for all stars, 
translates into a mean motion and associated mean covari- 
ance matrix (i.e., 1, 2, and 3fT confidence regions) which 
adequately follow the observed velocity residuals (§7.2 and 
figures 16-17 in P98; cf. top row of Figure ||). Therefore, 
P98 conclude that the observed kinematic data of the 
Hyades cluster is consistent with a common space motion 
plus a 0.30 km s^^ velocity dispersion, without the need 
to invoke the presence of rotation, expansion, or shear. 

The motions of members beyond the tidal radius 
(~10 pc), as opposed to the motions of gravitationally 
bound members in the central parts of the cluster, are 
predominantly influenced by the Galactic tidal field (e.g., 
Pels et al. 1975). These (evaporated) stars do therefore 
not necessarily adhere to the strict pattern of a common 
space motion which is present in the core and corona. The 
systematic velocity distortions arc hard to predict, ana- 
lytically and numerically, as they depend critically on the 
details of the evaporation mechanism(s) (e.g., Terlevich 
1987). They are hard to observe as well due to both the 
sparse sampling of 'members' and the uncertain criteria 
for membership in the outer regions of the cluster. 

6.4.3. Hipparcos parallaxes: this study 

Figure ^ (top series of panels) shows the Hyades velocity 
field, based on Hipparcos trigonometric parallaxes, for dif- 
ferent spatial regions of the cluster (§|6.3D. The observed 
velocities are not identically distributed in each region but 
show systematic effects, although these are restricted to 
'the 3(7 confidence regions'. Notably the 'front' and 'back' 
of the cluster show differences, indicative of a coupling be- 
tween position and velocity, i.e., a velocity pattern. Expla- 
nations for this trend include (1) a rotation of the cluster. 
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Fig. 6. Top row: three-dimensional velocity distribution in Galactic Cartesian coordinates {vu,Vv,Vw), based on 
Hipparcos trigonometric parallaxes, for the 197 P98 members with known radial velocities (cf. figure 16 in P98; 
symbol coding as in bottom row). The contours are centered on the (arithmetic) mean motion of all stars 
(-42.07, -19.45, -0.96) km s^^ (cf. table 3 in P98); they show the 1, 2, and 3a (i.e., 68.3, 95.4 and 99.73 per cent) 
confidence limits of the mean covariance matrix associated with the mean space motion (§ |6.4.2| ). All 'outliers' 
have space motions (based on Hipparcos proper motions and trigonometric parallaxes) which are consistent with 
the mean motion of the cluster. Bottom row: as top row, but using Hipparcos secular parallaxes (mean motion 
(—42.15, —19.31, —1.21) km s^^). Open symbols denote suspect secular parallaxes (^Hip > 9; 50 stars). 



(2) a shearing pattern with respect to an axis, and (3) a 
correlation between the trigonometric parallaxes Truip and 
their associated errors a-^^mp (cf. §7.2 in P98). 



(1) Rotation: Given the observed velocity field, we deter- 
mine the Galactic coordinates of the best-fitting rotation 
axis {irot and &rot) and the corresponding rotation period 
(Prot) by minimizing the dispersion of the velocity residu- 
als with respect to the rotation axis, after adding a rota- 
tion pattern to the mean space motion. This results in the 
estimates t^ot ~ 131?5, brot ~ +60°0, and P,ot = 68.0 Myr 
(i.e., ~0.10 km s^^ pc^^). 



(2) Shear: A shear pattern with respect to an axis point- 
ing towards ^shcar and &shcar is described by a constant 
-Pshcar which cxprcsscs the strength of the shear. A least- 
squares fit returns ^hcar ^ 131?5, &shoar ~ -|-60?0, and 
-Pshoar ~ 0.13 km pc^^ (as our proper motion, paral- 
lax, and radial velocity data do not have enough discrim- 
inating power to reveal the subtle differences between a 
rotation and shear pattern, our fit returns a shear axis 
which is identical to the rotation axis listed above). 



(3) Correlated trigonometric parallaxes and errors: The 
lower series of panels in Figure ^ show a velocity field de- 
composition for a realistic Monte Carlo realization of the 
Hyades (500 stars, 10 pc radius, including Hipparcos data 
covariances) in which the stars share a common space mo- 
tion exclusively. Despite the absence of intrinsic velocity 
structure, the 'front' and 'back' distributions do show a 
systematic pattern which resembles the observed distribu- 
tion (upper series of panels) remarkably well. P98 (their 
§7.2) did already argue that correlated velocity residuals 
are a natural result of the presence of a correlation be- 
tween the Hipparcos parallaxes tthip and the correspond- 
ing observational errors fT7r,Hip in a sample of Hyades mem- 
bers (left panel of Figure ||; we find a correlation coefficient 
p = -1-0.56 between TTRip -TTgecHip « T^Hip - TTtiuc = A^^ip 
and TTHip). Although the individual Hipparcos trigono- 
metric parallaxes are not correlated with their associated 
observational errors, the selection of a set of stars with 
(nearly) equal true parallaxes, such as the members of an 
open cluster, induces the presence of a correlation in the 
sample: Hyades with large observed parallaxes are, in gen- 
eral, more likely to have A7r,Hip = tthip — ""true > than 
o'Tr,Hip < (and vice versa for Hyades with small observed 
parallaxes). The strength of this correlation between the 
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Fig. 7. Top three rows: Hipparcos trigonometric parallax-based velocity field decomposition, with respect to the mean 
velocity w„, v^) = (-42.07, -19.45, -0.96) km s^^ in 20 km s^^ x 20 km s^^ x 20 km s^^ boxes, for the 197 P98 
members with known radial velocities according to the location of the stars within the cluster (from the left column 
right: 'bottom' (21 stars), 'top' (21 stars), 'right' (22 stars), 'front' (59 stars), 'left' (28 stars), and 'back' (46 stars; 
§ ^.3| ) and from the top down: Vu versus Vy, Vu versus w^, and Vy versus v^^; velocity components in a Galactic Cartesian 
coordina te fra me). The ellipses denote 1, 2, and Scr confidence regions of the mean motion and associated covariance 
matrix (§ 3.4.2 ). The bottom series of panels are similar to the top series, but show 500 Monte Carlo stars which share 
a common space motion exclusively (§3.4.5). 



(sign of the) parallax error and the observed parallax de- 
pends on the intrinsic size of the cluster: a small cluster 
gives a small spread in true parallaxes, which implies a 
large correlation. The right panel of Figure ^ shows the 
mean correlation coefficient derived from Monte Carlo re- 
alizations of a Hyades- like cluster as function of the cluster 
radius R. The observed correlation coefficient p = -1-0.56 
implies R '~ 10-15 pc ^ 1.0-1.5 rt, which is a very rea- 
sonable definition for the size of the Hyades cluster. 



Discussion: The analysis presented above shows that the 
systematic velocity pattern displayed in Figure ^ can be 
due to rotation, shear, and/or a correlation between Truip 
and CTTT.Hip- Both rotation and shear provide an equally 
good representation of the observations, but imply a sig- 
nificant systematic velocity of ^^1 km s~^ at the tidal ra- 



dius of the cluster (rt ^ 10 pc). Unmodelled systematic 
velocities at the level of 1-2 km s^^ in the outer regions 
of the cluster (rt ^ r ^ 2rt) would lead to systematic sec- 
ular parallax errors as large as 0.9-1.8 mas. These values, 
however, are a factor 3-6 larger than the observed upper 
limit of 0.3 mas at r 20 pc (Figure ||; § |6.3| ), which argues 
against an explanation of the velocity pattern in terms of 
rotation or shear. There is, moreover, also a direct argu- 
ment in favour of the apparent velocity pattern not be- 
ing caused by rotation or shear, but by the correlation 
between the observed parallaxes and the parallax errors 
instead, for this should result in an apparent rotation or 
shear axis pointing towards (6„,6^,6^) x (vu,Vy,Vyj), i.e., 
(^,6) = (116°, +48°) {[bu,by,hw\ and [vu,Vy,Vy,] denote, re- 
spectively, the position and velocity vector of the cluster 
center expressed in Galactic Cartesian coordinates). This 
axis coincides within 15° with the rotation and shear axes 
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Fig. 9. Left: three-dimensional distribution, based on Hipparcos trigonometric parallaxes, of the 218 P98 members in 
Galactic Cartesian coordinates {bu,by,bw) (in pc; cf. figures 8a-9 in P98). Some stars fall outside the plotted range. 
Middle: as left, but using Hipparcos secular parallaxes (154 stars with gB_ip < 9 [filled symbols] and 64 stars with 
ffHip > 9 [open symbols]). Right: as middle, but using Tycho-2 secular parallaxes (176/32 filled/open symbols). 



-10 



J 1 1 1 1 1 1 

:20 'back' 


1 1 1 1 1 1 1 1 1 
'front' 49- 


-59 

' 


19- 

1 1 1 1 1 I 1 1 1 



^ 0.8 p \ 



0.6 



0.4 - 



it 



*-t 



10 20 30 40 
^^Hip [mas] 



10 15 
R [pc] 



Fig. 8. Left: an estimate of the Hipparcos trigonometric 
parallax error a-„^mp (tthip - TTgocHip ~ T^mp - T^tmc = 
A7r,Hip) versus the Hipparcos trigonometric parallax tthip 
for the 147 P98 Hyades members with non-suspect secular 
parallaxes (^Hip < 9). Every sample of stars with (nearly) 
equal true parallaxes shows a correlation between A7r,Hip 
(or: tJ^.Hip) and Truip; we find a correlation coefficient 
p = +0.56. The dashed vertical line denotes the mean 
distance of the cluster (D = 46.34 pc; tt = 21.58 mas; 
table 3 in P98). The numbers in the corners of the four 
quadrants denote the numbers of stars in the correspond- 
ing regions. Right: the mean correlation coefficient for 100 
Monte Carlo realizations of a Hyades-like cluster as func- 
tion of the cluster radius R. Each cluster has a homoge- 
neous number density. The dots and vertical lines denote 
the mean value of p and the corresponding standard devi- 
ation; the gray band denotes the zszla region. The dashed 
horizontal line indicates the observed value p = +0.56. 



found above. We therefore conclude that the observed cor- 
relation between the Hipparcos trigonometric parallaxes 
and their associated random errors (Figure ^) is mainly 
responsible for the (apparent) velocity structure of the 
Hyades (Figure 0; cf. P98). 



6.4.4. Secular parallaxes 

Studying the Hyades velocity field using secular paral- 
laxes, which were derived under the assumption of a spe- 
cific velocity field, is of limited scientific merit. We there- 
fore restrict such an analysis to the straightforward com- 
parison of the input and output velocity fields (bottom 
row of Figure which turn out to be fully consistent. A 
systematic pattern as observed in the trigonometric paral- 
lax velocity field (§ |6.4.3 ) is absent in the secular parallax 
velocity field (not shown). 



6.5. Summary 

Monte Carlo tests combined with the uncertainty of the 
tangential component of the cluster space motion set the 
maximum expected systematic Hipparcos secular paral- 
lax error at ~0.30 mas (§3.1). This value is consistent 
with the facts that (1) the secular parallaxes as a set are 
statistically consistent with the Hipparcos trigonometric 
parallaxes within ^0.10 mas (Figure^; and (2) secu- 
lar parallaxes for stars in the inner and outer regions of the 
Hyades do not differ significantly, i.e., at the ~0.30 mas 
level or larger (Figure ||; §3.3). We conclude that secular 
parallaxes for Hyades within at least r < 2rt ~ 20 pc of 
the cluster center can be regarded as absolute, i.e., having 
systematic errors smaller than ^0.30 mas. 

The Hipparcos trigonometric parallax errors are corre- 
lated on angular scales of a few degrees with 'amplitudes' 

§5.2). The mean 



smaller than ~0. 75-1. 00 mas per star 
trigonometric parallax of the Hyades, however, is accu- 
rate to within ^0.10 mas, as regions with positive and 
negative contributions cancel when averaging parallaxes 
over the large angular extent of the cluster. 
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Fig. 10. Colour-absolute magnitude diagrams of the Hyades based on Hipparcos trigonometric parallaxes {left; 218 P98 
members) and Hipparcos secular (middle; 218 P98 members plus 15 new candidates) and Tycho-2 secular parallaxes 
[right; 208 P98 members plus 23 photometric BDA members; V magnitude (field H5) and {B — V) colour (field H37) 
from the Hipparcos Catalogue). Most P98 stars below the main sequence in the left panel are 'possible members' (i.e., 
column (x) is '?' in their table 2; cf. figure 21 in P98). Filled symbols in the right panels have 5Hip/Tycho-2 ^ 9 while 
o pen symbols have (7Hip/Tycho-2 > 9. The 15 triangular symbols in the middle panel are the new Hipparcos candidates 
(i j5.2| ); the three stars with gmp < 9 are labeled with their Hipparcos number. The giant region contains thr ee(!) filled 
and two open symbols. The triangular symbols in the right panel represent 23 photometric BDA members (§ p.3| filled 
triangles for (7Tycho-2 £ 9 and open triangles for gTycho-2 > 9). The giant region contains four(!) filled and one open 
symbol. Some faint stars {V > 8.5 mag, My > 5.2 mag) in the right panel have significant {B — V) errors, up to 
several tenths of a magnitude ([||). 



The observed lack of significant systematics in the sec- 
ular parallaxes puts an upper limit on the size of pos- 
sible velocity patterns (rotation or shear) of a few hun- 
dredths of a km s-i pc'^ (§ |6.4.3[ ). This upper limit, in its 
turn, strongly suggests that the observed systematics in 
the trigonometric parallax-based velocity field (Figure ^ 
are due to the presence of a correlation between the Hip- 
parcos parallaxes and their associated random errors in 
our sample of Hyades. 



distribution of stars in the cluster, its gravitational po- 
tential, moments of inertia, etc. (§§7-8 in P98; we inves- 
tigated all aforementioned examples using secular paral- 
laxes, but were unable to obtain results which had not al- 
ready been derived by P98). Figure ^ for example, shows 
the three-dimensional distribution of the 218 P98 mem- 
bers. Although the internal spatial structure of the Hyades 
is resolved by the Hipparcos trigonometric parallaxes, the 
Hipparcos secular parallaxes do provide a sharper view. 



7. Spatial structure 

At the mean distance of the Hyades, a parallax uncer- 
tainty of (Ttt (mas) corresponds to a distance error of 
cr^£>^/1000 ~ 2cr^ pc {D ~ 45 pc). Typical Hipparcos 
parallax errors are 1.0-1.5 mas, thus yielding a ^^2-3 pc 
distance resolution. Typical Hipparcos secular parallaxes 
are ^3 times more accurate than the trigonometric val- 
ues (j |5.4| ). However, because the Hipparcos resolution is 
already sufficient to resolve the internal structure of the 
Hyades (wi th c ore and tidal radii of 2.7 and 10 pc, re- 
spectively; §0), secular parallaxes cannot fundamentally 
improve upon the P98 results regarding, e.g., the three- 
dimensional spatial distribution of stars in the cluster, in- 
cluding the shape of the core and corona and flattening 
of the halo, 'the Hyades distance'^, the density and mass 

® The statistical consistency between the Hipparcos trigono- 
metric and secular parallaxes as a set (e.g., Figure m) implies 



8. Colour-absolute magnitude diagram 

The colour-absolute magnitude and HR diagrams of the 
Hyades cluster have been studied extensively, mainly ow- 
ing to the small distance of the cluster. Among the advan- 
tages of this proximity are the negligible interstellar red- 
dening and extinction (e.g., Crawford 1975; Taylor 1980; 
E{B ~V) = 0.003 ± 0.002 mag) and the possibility to 
probe the cluster (main sequence) down to low masses 
relatively easily. As mentioned in §^, the significant clus- 
ter depth along the line of sight has always complicated 
pre-Hipparcos stellar evolutionary modelling (cf. §9.0 in 
P98). Unfortunately, even Hipparcos parallax uncertain- 
ties (typically 1.0-1.5 mas) translate into absolute mag- 
nitude errors of ^0.10 mag at the mean distance of the 



that the (mean) Hyades distance derived by P98 cannot be 
improved upon. 
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cluster {D ~ 45 pc), whereas y-band photometric errors 
only account for ^0.01 mag uncertainties for most mem- 
bers. The Hipparcos secular parallaxes derived in §|| are 
on average a factor ~3 times more precise than the Hip- 
parcos trigonometric values (i.e., cr7r,sec,Hip ^ 0.5 mas ~ 
0.05 mag; §5.4). The maximum expected systematic error 
in the secular parallaxes is ^0.3 mas or ^0.03 mag (§ |6.5D . 
Secular parallaxes therefore allow the construction of a 
well-defined and well-calibrated Hyades colour-absolute 
magnitude (and HR) diagram. 

Figure |l^ shows colour- absolute magnitude diagrams 
of the Hyades based on Hipparcos trigonometric (left), 
Hipparcos secular (middle), and Tycho-2 secular paral- 
laxes (right). The Hipparcos secular parallax diagram 
shows a narrow main sequence consisting of kinematic 
members {gmp < 9; filled symbols; cf. Figure |l^). Kine- 
matically deviant stars (f^Hip > 9; open symbols) are likely 
either non-members and/or close multiple stars (§ |4.3D . 
Most of the 15 new Hipparcos candidates (open triangu- 
lar symbols; §4.2) do not follow the main sequence. This 
is not surprising, as secular parallaxes for most of these 
stars are inconsistent with their trigonometric parallaxes, 
suggestive of non- membership. The three candidates with 



5Hip < 9 (filled triangles) identified in §5.2 are labeled. 
Only HIP 19757 lies close to the main sequence and is a 
likely new member (cf. Table A.2). 

The right panel of Figure~|To| shows, besides a nar- 
row cluster main sequence consisting of kinematic mem- 
bers (5Tycho-2 < 9; filled circles), a well-defined binary 
sequence for 0.45 ^ {B — V) > 0.70 mag. Most of the pho- 
tometrically deviant stars are low-probability kinematic 
members (5Tycho-2 > 9; open circles), most likely indicat- 
ing non-membership. The 23 photometric BDA members 
(j|5.3|) are indicated by triangles (filled for gTycho-2 < 9; 
open for gTycho-2 > 9). About half of them do not fol- 
low the main sequence. Most of these objects, nonethe- 
less, seem secure kinematic members ((?Tycho-2 < 9; cf. 
§ p.3| ). These stars are possibly interlopers but most likely 
they are members with inaccurate {B — V) photometry: 
objects lacking accurate ground-based photometric obser- 
vations, most likely as a result of being pre-Hipparcos 
non-members, generally have Hipparcos {B — V) values 
derived from Tycho photometry (Hipparcos field H39 — 
'T'). Corresponding {B — V) errors can reach several 
tenths of a magnitude for stars fainter than ^ 8.5 mag 
(My ~ 5.2 mag). Hipparcos {B — V) values for faint 
pre-Hipparcos members contained in the Hipparcos Cat- 
alogue, on the other hand, are often carefully selected 
accurate ground-based measurements (field H39 = 'G'); 
this explains the presence of a well-defined main sequence 
down to faint magnitudes {V ~ 11-12 mag). 

Figure 111] compares colour- absolute magnitude dia- 
grams for different regions within the cluster (core, corona. 



halo, and moving group; §4.1). Secular parallaxes clearly 



of the cluster. They also significantly narrow the main 
sequence for stars in the halo (10 < r < 20 pc). The rela- 
tively large spread in the Hipparcos secular parallax panel 
for 20 < r < 40 pc is probably due to uncertain mem- 
bership assignment (cf. § |5.4.2 ), combined with inaccurate 
photometry, stellar multiplicity, and/or suspect secular 
parallaxes. The latter uncertainty is possibly related to 
unmodelled low-amplitude velocity patterns in the very 
outer parts of the cluster (r ^ 2rt; but see §§3.4-6^). 



9. Constructing the Hertzsprung Russell diagram 

The secular parallaxes derived in §|| constrain the loca- 
tions of stars in the colour-absolute magnitude diagram 
with unprecedented precision (§^. An interpretation of 
these high-quality observations in terms of stellar evolu- 
tionary models with appropriately chosen input physics 



(§9.1) can provide a wealth of information on the funda- 
mental properties of the Hyades cluster itself, such as its 



age and metallicity (§9.2), as well as on the charact eristics 
of stars and stellar evolution in general (§jp?3-9.4). 



9.1. Theoretical stellar evolutionary models 

Stellar evolutionary models have been highly successful in 
explaining the structure and evolution of stars (e.g., Cox & 
Giuli 1968; Kippenhahn & Weigert 1990). Numerical stel- 
lar evolutionary codes suffer from daunting practical prob- 
lems, owing to, e.g., the large dynamical range for the var- 
ious quantities of interest such as temperature, pressure, 
and density (e.g., Schwarzschild 1958; Henyey et al. 1959). 
Moreover, they suffer from major uncertainties in the ap- 
propriate input physics (e.g., Lebreton et al. 1995, 2000; 
Kurucz 2000). The most important of these uncertainties 
are, for Hyades main sequence stars, related to: (1) stel- 
lar atmosphere models, including issues related to atomic 
and molecular opacities and internal structure-external 



boundary conditions (§10.1); and (2) the treatment of tur- 
bulent convection^, including issues related to convective 
core and envelope overshoot. Besides these two major un- 
certainties, numerous other physical phenomena are gener- 
ally either not or only partially taken into accou nt: (trans- 
port processes due to) stellar rota tion (§ 10.3 ), variabil- 
ity and/or pulsational instability (§ 10. 3| ), chromospheric 
activity (§ 10.1 ), mass loss (§ 10.4 ), binary evolution, the 
evolution towards the zero-age main sequence, etc. More- 
over, stellar evolutionary models are generally calibrated 
by using the Sun as benchmark. Although the phenomeno- 
logical treatment of convection in models is considered 
appropriate for Sun- like stars, this is not necessarily the 



improve the definition of the main sequence as compared 
to Hipparcos trigonometric parallaxes in the central parts 



^ Corresponding physical theories do not exist; two numer- 
ical prescriptions are in wide-spread use: the Mixing-Length 
Theory (MLT; e.g., Bohm-Vitense 1953, 1958) and the FuU 
Spectrum of Turbulent eddies convection model (EST; e.g., 
Canuto & Mazzitelh 1991, 1992; Canuto et al. 1996). 
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Fig. 11. Colour-absolute magnitude diagrams of the Hyades (218 P98 members) based on Hipparcos trigonometric 
(top row) and Hipparcos secular {bottom row) parallaxes for four different spatial regions within the cluster: the core 
(r < 5.7 pc; first column), the corona (5.7 < r < 10 pc; second column), the halo (10 < r < 20 pc; third column), 
and the moving group population (20 < r < 40 pc; fourth column). In each panel, the division of stars according to 
their three-dimensional distance r to the cluster center {bu,by,b^) — (—43.37,0.40, —17.46) pc (in Galactic Cartesian 
coordinates) is based on the Hipparcos secular parallax. The gray lines outline Schwan's (1991; his table 3) Hyades main 
sequence; this calibration is not necessarily the optimal one but is only shown for reference. The numbers preceding the 
open asterisks denote the total number of stars in each panel. Open symbols denote stars which might have 'peculiar' 
HR diagram positions: (1) kinematically deviant stars, i.e., gmp > 9; (2) (close) multiple stars, i.e., either column (s) 
in P98's table 2 is 'SB or RV or column (u) is one of 'CGOVXS'; (3) photometrically variable stars, i.e., Hipparcos 
field H52 is one of 'DMPRU'; (4) stars with inaccurate Hipparcos {B — V) photometry, i.e., a^B-v) > 0-05 mag; 
or (5) suspect objects (HIP 20901, 21670, 20614; §9.2 in P98). Filled symbols thus denote kinematically high-fidehty 
photometrically non- variable single members with reliable photometry. 



case for stars with other mass, metallicity, and/or stel- 
lar evolutionary status. Related to the latter issue is the 
important open question to what extent the characteris- 
tics of convection vary with location in a convection zone. 
A detailed study of the secular parallax-based locations 
of Hyades in the colour-absolute magnitude and HR di- 
agrams of the cluster has the potential to shed light on 
some of the abovementioned issues (e.g., Lebreton 2000). 



9.2. Helium content, metallicity, and age of the Hyades 

CESAM: P98 used the CESAM evolutionary code (Morel 
1997) to interpret the Hipparcos HR diagram of the 
Hyades (their §9). In order to derive the cluster Hydrogen, 
Helium, and metal abundances by mass {X = 1 — Y — Z, 
Y, and Z, respectively), P98 fitted model zero-age main 
sequences to the observed trigonometric parallax-based 
zero-age main sequence positions of 19 single low-mass 



membersQj. By treating Y and Z as free parameters with 
the boundary condition that the inferred metal content of 
the Hyades be consistently with the mean spectroscopi- 
cally determined metalhcity [Fc/H] = +0.14 ± 0.05, P98 
found iX,Y,Z) = (0.716,0.260 ± 0.020,0.024 ± 0.003). 
The P98 [Fe/H] value is a well-establishedQ quantity (cf. 
[Fc/H] ^ +0.12 ± 0.03 Cayrel et al. 1985; +0.13 ± 0.02 
Boesgaard 1989 and Boesgaard & Friel 1990). Unfortu- 
nately, the uncertainty on the derived Helium content of 
the cluster, combined with the existing uncertainty on the 
Helium content of the Sun (e.g., Brun et al. 1998), still 

CESAM employs Solar-calibrated mixing-length theory 
(aMLT = 1.64) and convective core overshoot. P98 use {X,Y, 
Z)q = (0.7143,0.2659,0.0175). 

For a Solar mixture of heavy elements, metallicity Z and 
Iron-to- Hydrogen ratio [Fe/H] (relative to Solar) are related 
by: [Fe/H] = log{Z/X) -log{Z/X)Q. The quantity {Z/X)q is 
usually taken from Grevesse & Noels (1993a, b). 

Some Hyades have quite deviant metallicities. E.g., the 
chromospherically active spectroscopic binary HIP 20577 has 
[Fe/H] = 0.00 + 0.03 (Cayrel et al. 1985; Smith & Ruck 1997). 
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Fig. 12. The six (F, Z) values (sohd dots) for which 
Girardi et al. (2000a) present isochrones; the solid line 
shows the unde rlyin g relation F = Fp + (AF/AZ) • Z = 
0.23 + 2.25 • Z (§^. The symbol, which coincides with 
a solid dot, denotes the position of the Sun {Y, Z)q — 
(0.273,0.019). The open dot and corresponding gray box 
labeled 'P98' denote the P98 Hyades value and corre- 
sponding la uncertainty; the symbol labeled 'P98' de- 
notes P98's Solar value {Y,Z)q = (0.2659,0.0175). The 
open square at {Y, Z) = (0.285, 0.024) labeled 'Hyades' is 
discussed in SO. 



prevents a definitive answer to the question whether the 
Helium content of the Hyades is sub-Solar or not (e.g., 
Stromgren et al. 1982; Hardorp 1982; Dobson 1990; Swen- 
son et al. 1994; Pinsonneault et al. 1998). 

After establishing the chemical composition of the 
Hyades, P98 derived a nuclear age t — 625 ± 50-100 Myr 
by fitting CESAM isochrones to the upper main sequence 
of the trigonometric parallax-based colour-absolute mag- 
nitude diagram (their figures 21-23 and §9.2; cf. t = 
600 ± 50 Myr from Torres et al. 1997a, c). 

Padova: For an interpretation of the HR diagram of the 
Hyades, the latest Padova isochroneg|^ (Girardi et al. 
2000a) offer the advantage that they include (post) red 
giant branch evolution. 

The six (Y, Z) pairs discussed by Girardi et al. were 
not randomly chosen but follow a fixed Y{Z) relation 
(Figure [ij), which is inspired by the understanding of 
the origin of Helium and metals in the universe: Y 
Yp + (AY/AZ) ■ Z, where Yp = 0.23 is the primordial 
Helium abundance, and AY/AZ — 2.25 is the stellar evo- 
lution Helium-to-metal enrichment ratio (e.g., Faulkner 
1967; Pagel & Portinari 1998; Lebreton et al. 1999). The 
Y(Z) relation implies we cannot obtain Padova isochrones 
which are consistent with both the Helium content and 
metallicity of the Hyades as derived by P98. Taking the 
latter fixed at Z = 0.024, and interpolating between the 
sets (y,Z) = (0.273,0.019) and (0.300,0.030), provides 
isochrones with Y = 0.285 (open square in Figure |l^ . 

The Padova code uses Solar-calibrated mixing-length the- 
ory (ofMLT = 1.68) and stellar-mass dependent convective core 
overshoot. Girardi found {X,Y,Z)q = (0.708,0.273,0.019). 



Although this value is inconsistent at the 1.25(t level with 
P98's value, it cannot be considered inappropriate for the 
Hyades (VandenBerg & Bridges 1984). 

As the interpolation between published isochrones 
is practically impossible after crossing the Hertzsprung 
gap, we use Girardi's Solar-metallicity (F, Z, t [Myr]) = 
(0.273,0.019,63 1) iso chrone for a comparison with the 



Hyades giants (§10.4) 



9.3. A high-fidelity stellar sample 

Following P98, we restrict attention to a high-fidelity sub- 
set of members for the study of the HR diagram. We do not 
consider suspect kinematic members and stars which have 
deviant HR diagram positions for known reasons. We ex- 
clude the 16 stars beyond 40 pc from the cluster center and 
all (possible) close multiple systems (98 spectroscopic bi- 
naries, Hipparcos DMSA-'G O VX S' stars, and stars with 
ffHip > 9). We furthermore reject 11 stars which are vari- 
able (Hipparcos field H52 is one of 'DMPRU') or have 
large photometric errors ((T(b-v) > 0.05 mag), as well as 
the suspect objects HIP 20901, 21670, and 20614 (§9.2 in 
P98; cf. Wielen et al. 2000). 

The final sample contains 90 single members. These 
stars follow the main sequence (cluster isochrone) from 
{B - V) - 1.43 mag (late-K/early-M dwarfs; M > 
0.5 Mq) to [B ~V) - 0.10 mag (A7IV stars; M ~ 
2.4 M q). T wo of th e stars are evolved red giants (e and 7 
Tau; 



j lO.4 and |B . l| ) . The two components of the 'resolved 
spectroscopic binary' 6^ T au, l ocat ed in the turn-off re- 
gion of the cluster (§ |10.3| and B^; cf. P98), contribute 



significant resolving power for distinguishing between dif- 
ferent evolutionary models as well as between different 
isochrones from one evolutionary code. We therefore add 
them as single stars to our sample, bringing the total num- 
ber of objects to 92. 

Figure |l3| shows, for these 92 stars, the colour versus 
secular parallax-based absolute magnitude diagram (cf. 
Figures p^-pd]). It shows, besides a well-defined and very 
narrow main sequence, turn-off region, and giant clump, 
substructure in the form of two 'gaps'/'turn-offs' in the 
main sequence around {B — V) ~ 0.30 and ~0.45 mag (cf. 
de Bruijne et al. 2000). These features are also present in 
the Tycho-2 secular parallax-based diagram (right panel 
of Figure |l^), but are not clearly discernible in the lower 
quality trigonometric parallax-based version (left panel 
of Figure noh. In §10.2, we will identify these 'turn-offs' 



with so-called Bohm-Vitense gaps, which are most likely 
related to convective atmospheres. Although the reality 
of the turn-offs in the 'cleaned' secular parallax colour- 
magnitude diagram is hard to establish beyond all doubt, 
the simultaneous existence of both a turn-off and an asso- 
ciated gap at a location which coincides with predictions 
made by stellar structure models (see §10.2) strongly ar- 



gues in favour of them being real (cf. Kjeldsen & Frandsen 
1991, and references therein). 
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Fig. 13. Colour-a bsolu te magnitude diagram for 92 high- 
fidelity members (§9^)- This sample excludes all members 
beyond 40 pc from the cluster center, multiple stars, and 
stars with suspect secular parallaxes. The absolute mag- 
nitudes have been computed using the observed T^-band 
magnitude s (H ipparcos field H5) and secular parallaxes 
Table ^). The {B - V) colours were directly taken 
from the Hipparcos Catalogue (field H37). The gaps be- 
tween {B -V) = 0.15 and 0.20, between {B -V) = 0.30 
and 0.35, and the gap around {B — V) = 0.95 mag are 
caused by the suppression of double, multiple, and pecu- 
liar stars from our sample (cf. figure 21 in P98); the region 
between (B — V) = 0.30 and {B — V) — 0.35 mag, e.g., is 
occupied by Am-type stars, which have a high incidence of 
duplicity (§10.2). The lines point at two conspicuous fea- 
tures in the main sequence, the so-called Bohm-Vitense 
gaps (§10.2). The 'gaps' and corresponding 'turn-offs' are 
most likely caused by sudden changes in the properties of 
convective atmospheres (cf. de Bruijne et al. 2000). Fig- 
ure ^(a) presents the corresponding theoretical HR dia- 
gram (logi versus logTcft) for the same sample of stars. 



9.4. {B-V)-Mv 



logreff-log(L/L0) 



In order to compare the locations of Hyades in the HR di- 
agram to theoretical isochrones, we need to transform the 
observables {B — V) and My to the theoretical quantities 
Toff and luminosity L. The usual procedure is to derive Tcff 
from (B — V) and then to compute the bolometric correc- 
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Fig. 14. The difference between bolometric corrections 
(left) and effective temperatures (right) derived using cal- 
ibration (1) (Bessell et al. (1998) plus an Alonso et al. 
(1996) metallicity correction to [Fe/H] = +0.14) and cal- 
ibration (2) (Lejeune et al. (1998) for [Fe/H] = +0.U) 
for 92 high-fidelity members (§|9.3[), excluding the giants e 
and 7 Tau; A is defined as calibration (1) minus (2). Most 
stars with ATcs < K have (B — V) > 1.0 mag, indicat- 
ing that calibrations (1) and (2) differ systematically with 
effective temperature itself. 



tion in the T^-passband, BCy, from Tcs; \og{L / Lq) then 
follows from Mboi — Mboi,©, where A/boi,© — 4.74 mag 
(Bessell et al. 1998; cf. footnote 16; the lAU value for 
the solar bolometric magnitude is 4.75 mag). Both trans- 
formations depend on metallicity [Fe/H] and on surface 
gravity logg, i.e., stellar evolutionary status. 

9.4.1. Previous work 

Numerous empirical and theoretical calibrations have 
been proposed in the past, each of which has its own va- 
lidity in terms of log.g, Tcs, [B — V), and/or [Fe/H] (e.g., 
Flower 1977, 1996; Buser & Kurucz 1992; Gratton et al. 
1996). There is a large uncertainty in and systematic dis- 
agreement between the different (B — V)-Tcs relations. 
This is partly caused by the uncertain Solar photospheric 
abundances and ill-defined (B — V) colour of the Sun (e.g., 
appendix C in Bessell et al. 1998), but also partly by the 
specific choice of the (B — V) index. This colour is par- 
ticularly sensitive to opacity problems, mainly related to 
metal lines and molecular electronic transitions in the UV- 
blue-optical, especially for cool stars (Toff ^ 4500 K; e.g., 
Lejeune et al. 1998; Bessell et al. 1998). The effects of 
model uncertainties, related to opacities and the treat- 



ment of convection (§9.1), on theoretical calibrations are 
often non- negligible, especially for K/M giants and low- 
mass dwarfs (e.g., Blackwell et al. 1991; cf. table 4 in 
Houdashelt et al. 2000). The main reason for our igno- 
rance is the lack of a representative set of stars with 
(model-)independently determined effective temperatures 
(e.g.. Code et al. 1976; Ridgway et al. 1980; Blackwell & 
Lynas-Gray 1994). Differences between effective temper- 
ature scales, established by empirical or theoretical cali- 
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brations, are generally smaller than ^200-400 K (Castelli 
1999; Gardiner et al. 1999). 

We consider two calibrations: (1) Bess ell et al. (1998) 
in combination with Alonso et al. (1996; § 9.4.2), r oughly 



following P98; and (2) Lejeune et al. (1998; § |9.4.3D 



9.4.2. Calibration (1) 

Bessell et al. (1998) present broad-band colour, bolometric 
correction, and effective temperature calibrations for O to 
M stars, based on Kurucz's (1995) ATLAS9 model atmo- 
spheres. Their tableg|^ 1 and 3 relate T^g, log 5, {B — V), 
and BCy , based on Solar- metallicity models with convec- 
tive core overshooip] (omlt — 1-25). 

We use an iterative scheme to determine log Toff, 
log(L/L0), and log 5 from the measured {B — V) and 
My values, in which we correct for the non-Solar metal- 
licity of the Hyades according to Alonso et al. (1996; their 
eq. 1). Step 1 involves the determination of log Toff for 
[Fe/H] = 0, from a given logg and measured (B—V). After 
differentially applying Alonso's metallicity correction for 
[Fe/H] = -1-0.14 in step 2, the corrected log Toff provides 
BCy, and thus log(T/TQ). Step 3 involves the determina- 
tion of logg = log(47rGMCTBoitzmannT^ffT"^) usiug stellar 
masses M from P98 (§9.4.5). This recipe is repeated (typ- 
ically 3 times) until convergence is achieved in the sense 
that logg remains constant; the final results do not depend 
on the initial estimate log(g[cm s^^]) — 4.5. 

First-order error analysis allows an estimation of the 
uncertainties on the derived quantities. We assume that 
(J\og{L/LQ) is influenced by both ctm^ ctbcv: which in 
their turn are influenced by ay plus (Ttt and criogTeff, re- 
spectively. We assume that criogTeff is influenced by both 
<^{B-v) ^ min((T(B_v')^obscrvod, 0.010 mag) and ctm 
0.10 Mq (P98); we neglect the contribution of (J\ogg to 
flog Toff as it is typically an order of magnitude smaller 
than the other contributors (cf. Castelli et al. 1997). 



Table s 4 a nd 5 are valid for giants, which are treated sepa- 
rately in i 



10.4. Table 6 is based on NMARCS M-dwarf models. 



Although this calibration is preferred over the ATLAS9-based 
relation for stars with Tcff 4000 K, the modeled range in 
{B — V) is incompatible with the colours for dwarfs in our sam- 
ple. Moreover, the NMARCS relations do not link smoothly to 
the ATLAS9 results. We therefore decided not to use them. 

This choice is consistent with the results derived by P98 
(their §9.2), although we note that Castelli et al. (1997) found 
that effective temperatures measured by means of the infra-red 
flux method (e.g., Blackwell et al. 1990) for stars with Tctt ^ 
TeS,Q ~ 5765 K are in general better reproduced by theoretical 
ATLAS9 atmosphere models (Kurucz 1995) with the envelope 
overshoot option switched off than with the option switched 
on (table 2 in Bessell et al. 1998). 



9.4.3. Calibration (2) 

Lejeune et al. (1998) present (semi-) empirical calibrations 
linking Toff, {B — V), logg, and BCy for [Fe/H] between 
—3.5 and -1-1.0 based on BaSeL spectral energy distribu- 
tions]^ (Basel Stellar Library version 2.0; their tables 1- 
10). In the range of stellar parameters considered here, 
these calibrations use Kurucz (1995) ATLAS9 model at- 
mospheres. The presentation of the data, which is relevant 
for dwarfs (logg ^ 3.75), allows a direct determination of 
logTeff, log(L/L0), and logg from the measured {B — V) 
and My for [Fe/H] — -1-0.14 by means of interpolation be- 
tween table 1 ([Fe/H] = 0) and table 9 ([Fe/H] = -h0.50), 
without relying on stellar mass information. We derive 
criog(L/Lo) and criogT„ff as in § |9.4.2 . 



9.4.4. Results for dwarfs 

We applied calibrations (1) and (2) to the set of 92 mem- 
bers described in § |9.3| , excluding the giants e and 7 Tau 
(Appendix B.l), using absolute magnitudes My based on 
Hipparcos secular parallaxes (§||). Details for the spectro- 
scopic binary 0^ Tau are given in Appendix B.3 



For a given calibration, the bolometric corrections are 
relatively well defined, except at lower masses (i.e., redder 
{B — V), lower Toff; Figures |l^-p^). Effective tempera- 
tures, on the other hand, are quite uncertain, especially 
at higher masses. Moreover, a comparison of the effective 
temperatures derived from calibrations (1) and (2) reveals 
significant systematic differences (at the level of '--^lOO K; 
Figure |l^ as a function of Toff itself. Taking the non- 
Solar metallicity of the Hyades into account significantly 
changes the derived parameters, and notably the effective 
temperatures (Figure |l^) . 

In order to establish which calibration is to be pre- 
ferred, we compared the effective temperatures following 
from Bessell's and Lejeune's relations (for [Fe/H] = as 
well as [Fe/H] = -1-0.14) with a number of previously 
established effective temperature scales for the Hyades 
(Bessell et al. [1998; with and without overshoot; see foot- 
note 15] plus Alonso et al. [1996; [Fe/H] = and +0.14]; 
Lejeune et al. [1998; [Fe/H] = and +0.U]; Allende Prieto 
& Lambert [1999; table 1]; Varenne & Monier [1999; table 
2]; P98 [table 8]; and Balachandran [1995; table 4]). This 
analysis reveals effective temperature differences, which 
sometimes vary systematically with effective temperature 
itself (cf. Figure |lj), up to ~300 K. Unfortunately, none 
of these scales is truly fundamental in the sense of having 
been established completely model- independently. In fact, 
agreement between different calibrations might even be ar- 
tificial to some degree, as several of them have ultimately 
been calibrated using Kurucz atmosphere models (e.g.. 



Lejeune uses Mv,q = 4.854 mag and BCv,© = 
—0.108 mag; we have transformed Lejeune's data to conform 
with Bessell's zero point (cf. appendices C-D in Bessell et al. 
1998). 
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Fig. 15. Tlieoretical quantities logTcff , BCy, log(L/L0), and logg derived from {B — V) and My (the latter based on 
Hipparcos secular parallaxes) using Bessell et al. (1998) plus Alonso et al. (1996; left column) and Lejeune et al. (1998; 
right column; §§ 3.4.2| -9.4.3). Left column: the gray curves in the top two panels show the Bessell et al. relation for 
[Fe/H] = and logg = 3.5, 4.0, and 4.5 (from bottom to top along the vertical line log(Teff[K]) = 3.9, respectively); the 
(tiny) dots and crosses show the (metallicity corrected) values and uncertainties for the 92 high-fidelity Hyades (§|9.3[), 
excluding the giants e and 7 Tau. The bottom four panels show the effect of correcting the Bessell et al. calibration for 
the non-Solar Hyades metallicity [Fe/H] = -1-0.14 on (from the top panel down) logg, \og{L / Lq)^ BCy, and logTeff. 
The difference Ax is defined as Ax = X[fo/h]=+o.i4 — a^[Fc/H]=o for ^ = log5, etc. The faint M dwarf HIP 15720 
((i? — V') = 1.431 ± 0.004 mag) has no Bessell et al. solution for [Fe/H] = 0. The gray line in the bottom panel follows 
Alonso's eq. (1). Right column: as left column, but using the Lejeune et al. relation for dwarfs with [Fe/H] = -1-0.14. 
The bottom four panels show the effect of going from [Fe/H] = to [Fe/H] = +0.14 by means of interpolation. The 
apparent discontinuities of the gray lines in the lower panels are caused by the peculiar behaviour of the Lejeune et 
al. [Fe/H] = +0.50 relation (their table 9) around {B - V) ^ 1.30 mag. Several stars with {B - V) > 1.30 mag fall 
outside the plotted ranges in the bottom panels. 
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and (b), excluding the giants 7 and e Tau, but using calibration (1) (i |9.4.2| ; left) and (2) (§ |9.4.3| ; right) for aU stars. 
The curves denote the 625 Myr CESAM isochrones. 



Gardiner et al. 1999). We therefore decided to enforce con- 
sistency between the calibration used here and the spec- 
troscopic effective temperatures and CESAM isochrones 
provided by P98. 

Figure ^ compares the logTcft-log(L/L0) and log 
Teff-log(7 diagrams after applying calibration (1) and cal- 
ibration (2) to all objects in the sample. Calibration (2) 
has the problem that evolved stars in the turn-off region 
(i.e., luminosity classes IV-V) are given too large sur- 
face gravities because the procedure assumes that all stars 
are dwarfs (i.e., luminosity class V). Calibration (1) has 
the 'problem' that stars on the main sequence fall sig- 
nificantly below the 625 Myr CESAM isochrone, whereas 
stars in the turn-off region of the cluster follow this curve 
acceptably well. These facts suggest the use of calibra- 
tion (2) for dwarfs]^ and calibration (1) for the 14 stars 
with (B-V) < 0.300 mag (T^s > 7250 K; log(Teff[K]) > 
3.8603). We acknowledge that this approach is 'ad hoc', as 
it naively assumes the CESAM isochrones are correct. A 
full understanding of the discrepancies shown in Figure ^ 
requires a set of new isochrones and calibrations which are 
tailored to the Hyades in terms of metallicity and Helium 
content. The construction of such isochrones and calibra- 
tions, using the secular parallax-based [B — V)-Mv di- 
agram presented in Figure |l^ as boundary condition, is 
beyond the scope of this paper (cf . j ^ ) . 



9.4.5. Stellar masses 

Figure ^ compares the masses (§5.3 in P98) of the 92 
high-fidelity members and the Hipparcos secular parallax- 
based absolute magnitudes with an empirical mass-absolu- 
te magnitude relation derived for the Hyades (eq. A3 in 
Patience et al. 1998). The empirical relation deviates sig- 
nificantly from the P98 masses for low-mass dwarfs (M ^ 
1 Mq; cf. § |10.1D . The CESAM and Padova isochrone re- 
sults (§p^), on the other hand, give an acceptable 'fit'. 
This confirms that the P98 masses, which are used in cal- 
ibration (1 ) to derive T^s and log(L/Lo) from [B ~ V) 
and Mv (! |9.4.2D , are well-defined. 



10. Hertzsprung— Russell diagram 



Figure |l| shows 92 high-fidelity Hyades (§|^ with Pa- 
dova and CESAM isochrones (j |9.2| ) in the theoretical HR 
diagram (panel a) and the log Tog-log g diagram (panel b) . 
We used calibration (1) for the 14 evolved stars in the 
cluster turn-off region {{B-V) < 0.30 mag; Toff > 7250 K; 
§ 9.4.2 ) and calibration (2) for the re maining 76 dwarfs 



{{B -V)> 0.30 mag; Toff < 7250 K; §§ |9.4.3| - |9.4.4| ) 



We find T^b,q = 5793 K, log(L/L0) = 0.004, and logs = 
4.501 for {B - V)q = 0.628 mag (Taylor 1998). 



10.1. Low-mass main sequence (M < 0.9 Mq) 

Figure |l^(a) shows, besides an inconsistency between the 
Padova and CESAM isochrones themselves, a significant 
discrepancy between the isochrones on the one hand and 
the inferred effective temperatures and luminosities for 
stars with Toff <> 5000 K (K/M dwarfs) on the other 
hand. As the 'turn-off' of the lower masses is absent in the 
colour- absolute magnitude diagram (Figure [l3| ), we con- 
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Fig. 18. panel (a). HR diagram for 92 high-fidelity Hyades (§9.3). The stellar luminosities and effective temperatures 
were derived from secular parallax-based abso lute m agnitudes My and {B — V) colours using calibration (1) for 
{B - V) < 0.3 00 mag (Tcft > 7250 K; 14 stars; § |9.4.2| ) and cahbration (2) for {B-V)> 0.300 mag (Teff < 7250 K; 76 
dwarfs; § |9.4.3| ). The giants 7 and e Tau (HIP 20205 and 20889) are discussed in A ppendix |B . l| ; the components of the 
'resolved spectroscopic binary' 9'^ Tau (HIP 20894) are discussed in Appendix B.3. The lines labeled '1', '2', and '3' are 
CES AM a nd Padova isochrones for the Hyades with Helium content Y, metal content Z, and age t as indicated in the 
box (j j9.2| ). The position of the Sun is indicated by Q. The deviant locations of cool stars (Toff ^ 5000 K) are a result 
of systematic errors in the {B — y)-Teff calibrations (§10.1; cf. Figure [l5|) . The inset shows the remaining members in 
the upper main sequence and turn-off region of the cluster (excluding HIP 21459, which has large photometric errors). 
HIP 20648 is discussed in j jl0.3| . Deviant locations can be attributed to multiplicity, peculiar spectra, rotation, and/or 
suspect secular parallaxes {gmp > 9; Table ^). 



elude that the model-observation discrepancies for these 
cool stars are caused by inappropriate {B — V)-Tcs cali- 



brations (e.g., Gratton et al. 1996; cf. § |9.4.l| and |9.4.4 Fig- 
ures ET^M, and footnote 15). Reliable transformations for 
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Fig. 17. Masses of 92 liigh-fidelity members (§ 9.4.5D , 
excluding the giants e and 7 Tau. The most massive 
stars in this figure are (in order of decr easing mass): 
HIP 20894 A (6*2 Tau A; Appendix 20635, and 

23497. Top two panels: the solid lines denote the effective 
temperature- and luminosity-stellar mass relations of the 
(y,Z)=(0.260, 0.024) 625 Myr CESAM isochrone (P98; 
§ |j.2| ). Third and fourth panels: as the top two panels, but 
for the (r,Z)=(0.285, 0.024) 625 Myr Padova isochrone 
(Girardi et al. 2000a). Bottom panel: the empirical ab- 
solute magnitude-mass relation of Patience et al. (1998) 
compared with the P98 stellar masses. The absolute mag- 
nitudes are based on Hipparcos secular parallaxes (§51). 



low-mass dwarfs with cool envelopes (or completely con- 
vective interiors) require non-gray non-LTE line-blanketed 
model atmospheres with appropriate molecular opacities 
(e.g., TiO, H2O, and VO; e.g., Hauschildt et al. 1999). 
Theoretical models in this mass range similarly require 
adequate boundary conditions (Chabrier & Baraffe 1997). 
These models, for M ^ 0.6 Mq, also suffer from uncer- 
tainties related to the equation of state, and, for 4000 ^ 
Tcff ^ 5000 K, from uncertainties related to the treatment 
of convection (e.g., Ludwig et al. 1999). 

The low-mass stars as a set show an enhanced spread 
about the main sequence compared to the higher mass 
stars. This effect is partly related to the degradation of 
secular parallax (i.e., Hipparcos proper motion) accuracies 
with V magnitude. Part of the scatter might also be due to 
spectral peculiarities (e.g., emission lines as in HIP 20527 
[K5.5Ve], 20605 [M0.5Ve], and 21138 [K5Ve]) or colour 



anomalies related to chromospheric activity (e.g., Camp- 
bell 1984; Stauffer et al. 1991, 1997); a 5 per cent starspot 
coverage yields ~0.015 mag shifts in {B — V), either to- 
wards the blue or towards the red, as well as low-level 
photometric variations (on the order of a few hundredths 
of a magnitude). 

10.2. Intermediate-mass main sequence 
(0.9 < M < 1.6 Mq) 

This mass range corresponds to F and G stars (7500 ^ 
TcS ^5 5000 K). We divide it into three regimes corre- 
sponding to different interiors: (1) Stars with M ^ 1.5 Mq 
{B — V ^ 0.30 mag; Toff ^ 7000 K) have a convective core 
and radiative envelope. (2) With decreasing mass in the 
range 1.5 k, M Z 1.3-1.1 Mq (0.30 <B -V < 0.40 mag; 
7000 Z Toff ^ 6500-6000 K), the convective core shrinks 
to become radiative, while a convective envelope develops 
at the same time. This envelope gives rise to the formation 
of a chromosphere and corona. (3) Stars with M ^ 1.3- 
1.1 Mq {B -V Z 0.40 mag; Tes <, 6500-6000 K) have a 
radiative core and convective envelope. Theoretical mod- 
elling for these regimes suffers mainly from uncertainties 
related to convection, notably overshoot of the core and 
envelope, and the issue of the universality of the niixing- 
length parameter ^mlt (e.g., Ludwig et al. 1999; §^.l[). 

Figure ^(a) shows that the effective temperatures 
and luminosities closely follow the CESAM isochrone, 
except in the range 7000 ^ T^s ^ 6500 K (0.30 <, 
{B — V) ^ 0.40 mag) where the observations are sug- 
gestive of a 'turn-off' of the main sequence around spec- 
tral type '-~^F5V. Figure |l^ shows an expanded view of 
this region, including the locations of all non-high-fidelity 
members. The 'turn-off' is also clearly visible in the sec- 
ular parallax-based colour-absolute magnitude diagrams 
displayed in Figures ^ and ^ We therefore conclude 
that it is not caused by the (B — V)-Tcs relation adopted 
in this study (§ |9.4.4 ; cf. Figure ^ we do note, however, 
that the 'turn-off' roughly coincides with the transition at 
{B - V) = 0.30 mag (Tes - 7250 K) between calibration 



(1) (§ |9.4.2D and calibration (2) (§ |9.4.3D ). We suspect, as 
argued below, that the 'turn-off' is related to the onset of 
surface convection around {B — V) = 0.30-0.40 mag (cf. 
de Bruijne et al. 2000). This is consistent with the work of 
Rachford (1997, 1998), who detected a transition in stellar 
activity]^ parameters at {B — V) ~ 0.29 mag as well as 
a chromospherically active Hyad at {B — V) = 0.26 mag 
(HIP 21036). These findings indicate that the onset of con- 
vection (in the Hyades) occurs at (B — V) ^ 0.25-0.30 mag 
(cf. Wolff et al. 1986; Rachford & Canterna 2000). 



The onset of surface convection is accompanied by X-ray 
and near-UV emission from coronal and chromospheric gas, 
which in its turn is due to magnetic fields produced by a stellar 
rotation-induced dynamo (e.g., Pallavicini et al. 2000). 
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Fig. 19. Left: HR diagram of the region of the onset of surface convection (the Bohm-Vitense gap; §10.2). The solid line 
denotes the 625 Myr CESAM isochrone. Black symbols show high-fidelity members; gray symbols denote remaining 
members (excluding HIP 21459, which has large photometric errors). Although the rotational velocity of the deviant 
object HIP 19877 (F5var) is unknown, its detection in X-rays (Hiinsch et al. 1998) suggests the star has a convective 
envelope. Patience et al. (1998) did not detect a speckle companion. Its location above the main sequence is hence 
possibly related to stellar variability (AT^ ~ 0.07 mag) or activity. The dashed fine denotes {B — V) = 0.30 mag 
(Tcff ~ 7250 K), which marks the boundary between effective temperatures derived using cahbrations (1) and (2) 
(§§ |9.4.2| ~ p.4.3| ). Right: effective temperatures versus {B — V) colours for the same set of stars as shown in the left panel. 
The dashed horizontal line denotes Tgff = 7250 K, and is shown for reference. The solid line shows the Bohm-Vitense 
(1981) Solar-metallicity {B — V)-Tf.fi relation; the bifurcation into radiative and convective branches is discussed in 
§ P1 . 



Bohm-Vitense (1970, 1981, 1982) first realized that in the spectral regions of the U and B filters (cf. Nelson 
convective atmospheres have relatively low temperatures 1980). As a result, convective atmospheres have reddened 
in the deeper layers which contribute to the surface flux [B — V) colours (as compared to radiative atmospheres 
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of the same Toff) by amounts of '--^O. 07-0. 12 mag. As the 
reddening of the atmosphere is not accompanied by a sig- 
nificant change in luminosity, the onset of surface con- 
vection can cause a ~0.10 mag 'gap' and/or 'turn-off' in 
the {B — V) colour-absolute magnitude diagram, starting 
around {B — V) = 0.25-0.35 mag, the so-called Bohm- 
Vitense gap|^ (cf. figure 2 in de Bruijne et al. 2000). Ob- 
servational evidence for the existence of the Bohm-Vitense 
gap is sparse (e.g., Bohm-Vitense & Canterna 1974; Jas- 
niewicz 1984; Rachford & Canterna 2000), and its reality 
has been disputed (e.g., Mazzei & Pigatto 1988; Simon & 
Landsman 1997; Newberg & Yanny 1998). Previous claims 
for its existence were based on the presence of gaps in 
either colour-colour diagrams or in the cumulative dis- 
tribution of cluster members in some photometric index 
(e.g., Aizenman et al. 1969), instead of on the presence 
of 'gaps' or 'turn-offs' in colour-absolute magnitude dia- 
grams. The secular parallax-based colour-absolute magni- 
tude diagrams of the Hyades presented in Figures |l| and 
[l3| provide, in fact, the first direct evidence in favor of the 
existence of the Bohm-Vitense gap. 

A careful inspection of Figures |ll|,|l|, and|l|(a) reveals 
that the region around (B-V) ~ 0.45 mag (T^s 6400 K) 
also shows an abrupt increase in the {B — V) colours of 
stars by an amount of ^0.05 mag. This feature was al- 
ready commented on by Bohm-Vitense (1995a, b), who 
attributed it to 'a sudden increase in convection zone 
depths'. The position of the second Bohm-Vitense gap 
coincides with both the so-called Lithium gap, which is 
generally thought to be related to the rapid growth of 
the depth of the surface convection zone with effective 
temperature decreasing from ^7000 K to ~6400 K (e.g., 
Boesgaard & Tripicco 1986; Michaud 1986; Swenson et 
al. 1994; Balachandran 1995), and the onset of dynamo- 
induced magnetic chromospheric activity (cf. Wolff et al. 
1986; Garcia Lopez et al. 1993). 

As stellar rotation is known to influence significantly 
the precise conditions for the onset of surface convection 
(e.g., Chandrasckhar 1961), Bohm-Vitense suggested that 
a range of v sin i values within a stellar cluster can lead 
to a bifurcation of the {B — V)-Tcs relation in the range 
6500 <, Toff <, 7500 K (cf. Simon & Landsman 1997). 
This means that a star with a given (B — V) colour can 
be either a slowly rotating weakly convective star with a 
'high' effective temperature or a rapidly rotating radia- 
tive star with a 'lower' effective temperature, where the 
'high' and 'low' temperatures can differ by as much as 
500 K. The righthand panel of Figure |l^ compares Bohm- 
Vitense's (1981; her table 3 and figure 4) predictions of the 
two branches to the effective temperatures derived using 



cahbrations (1) and (2) (§§ p.4.2| - |9X3| ). The calibration 
(1) and (2) effective temperatures do not show a bifur- 
cation, simply because they do not take stellar rotation 
into account. Systematic differences outside the bifurca- 
tion region can be due to the presently outdated Solar- 
metallicity atmosphere models used by Bohm-Vitense in 
1981. A natural next step would be to determine, for each 
Hyades member in the region of the (first) Bohm-Vitense 
gap, its rotational velocity, to determine its effective tem- 
perature based on adequate stellar modelling, i.e., taking 
stellar rotation into account, and to compare the resulting 
location in the Tcs-{B — V) diagram (Figure 19) with the 
predictions of Bohm-Vitense (1981). 

Naively, one would expect that the peculiar {B — V) 
behaviour resulting from (the onset of) surface convection 
is incorporated in the (synthetic) {B — V)-Teg relations 
adopted in this paper. However, as the onset of surface 
convection is a subtle effect when translated into the mass 
range at stake, its visibility in the theoretical HR dia- 
gram (Figure ^(a)) is probably the result of an inappro- 
priate mass sampling in the construction of the synthetic 
(B-y)-Toff relations (§§^X|-|9X|). Only a future inves- 



The location of this gap roughly coincides with the Am- 
type stars. As these objects are often close multiples (e.g., 
Jaschek & Jaschek 1987; Debernardi et al. 2000 ), m ost of them 
are not contained in the high-fidelity sample (§ |9.3j) , causing a 
reduced sampling of the main sequence (Figures |lq(a) andhsl). 



ligation of the interplay between stellar rotation and (the 
onset of) surface convection, and the corresponding effects 
on the atmospheric parameters of mid-F stars (e.g., Hart- 
mann & Noyes 1987; Chaboyer et al. 1995), can shed more 
light on the issue of the 'turn-off (s)' of the Hyades main 
sequence and the bifurcation of the (B — V)-Tcs relation. 

10. S. The upper main sequence and turn-off region 
(M > 1.6 Mq) 

Beyond Toff ^ 7500 K, we find the early-F and late- A stars 
which are evolving towards the end of the core Hydrogen 
burning phase. These objects are powered by the CNO- 
cycle and have convective cores and radiative envelopes. 
As a result, the precise locations of the isochrones depend 
strongly on the treatment of rotationally-induced mixing 
(Maeder & Meynet 2000) and the amount of convective 
core overshoot included in the models (e.g., §9.2 in P98). 
Given these uncertainties. Figure |l8| shows that the stars 
on the upper main sequence of the Hyades follow the 625- 
650 Myr CESAM isochrones (including convective core 
overshoot) remarkably well, both in luminosity (panel a) 
and in surface gravity (panel b). 

Many stars in the turn-off region of the Hyades ro- 
tate rapidly (e.g., table 11 in P98). Stellar rotation in- 
fluences the observed colours and magnitudes (and thus 
the inferred temperatures and luminosities) of stars, the 
amounts depending on the rotation characteristics (solid- 
body or differential rotation), the rate of rotation, the 
orientation of the rotation axis with respect to the ob- 
server, and the spectral type of the star (e.g., Kraft & 
Wrubel 1965; Maeder & Peytremann 1970, 1972; Collins 
& Smith 1985; Perez Hernandez et al. 1999; Maeder & 
Meynet 2000) . Although the photometric effect of rotation 
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Table 4. Some remaining stars in the upper main sequence and turn-ofF region of the Hyades. Spectroscopic binarity 
('SB'; table 2 in P98), high rotational velocities (wsini from Abt & Morrell 1995; km s~^), suspect secular parallaxes 
(ffHip > 9), and spectral pecuharities can give rise to deviant HR diagram positions. Hipparcos field H52 is a photometric 
variability flag ('M' for micro- variable). The symbol 6 Set stands for S Scuti pulsator. 



HIP 


SB 


V sini 


Notes 


HIP 


SB 


V sini 


Notes 


HIP 


SB 


V sin i 


Notes 


20400 


SB 


25 


Am; S Set 


2090 




93 


Am 


21683^= 




115 


5mp = 11.92; A5Vn 


20484 


SB 


15 


Am 


2103 


SB 


31 


Am 


22157 


SB 


63 


Am; gmp = 23.34 


20614" 




145 




2127 


SB 


130 




22565 




165 


H52 = 'M'; S Set 


20711 




225 


H52 = 'M'; 5 Set; A8Vn 


2158 


SB 


78 




23983 


SB 


13 


Am 


20713'' 


SB 


205 


gmp = 30.30; S Set 


2167 




75 


Am 


24019^^ 




45 


Am 



^: Eggen's (1992) 'photometry indicates a possible binary, which is not resolved by speckle observations'. Patience et al. (1998) 
did not detect a speckle companion. Wielen et al. (2000) list the star as 'A/x binary'. 

A chromospherically active long-period F0V-fG4V binary (Peterson et al. 1981); the object is the second-brightest X-ray 
source in the Hyades (e.g., Stern et al. 1992, 1994). 

Parallaxes differ significantly (tthip — 20.51 ± 0.82, ttsccHIp = 18.33 ± 0.42, 7rsoc,Tycho-2 ~ 18.70 ± 0.38 mas; (7Hip/Tycho-2 = 
11.92/8.74), possibly as a result of muhiplicity. Patience et al. (1998) did not detect a speckle companion. 

Primary target of a two-pointing system (field H60 = 'P'); the A component is a periodic variable. The secondary target is 
HIP 24020; the double star processing used a linear system (H60 = 'L'): the parallax of the B component is constrained to be 
identical to the A-component parallax, whereas the proper motions were independently determined. The solution is uncertain 
(H61 — 'D'). HIP 24020 is a duphcity-induced variable (H52 — 'D'); the B component itself is a resolved Hipparcos binary. 



also depends on the specific filter system in use, rotating 
stars generally become redder (typically a few hundredths 
of a magnitude in {B - V); ~200-250 K in T^s) as well 
as brighter or fainter (typically a few tenths of a magni- 
tude in V). An example of a rapidly rotating star in the 
Hyades turn-off region is HIP 23497 {v sini ^ 126 km s^^; 
log(roff[K]) = 3.9115; \og{L/LQ) = 1.472); its deviant lo- 
cation in the HR diagram is most likely due to rotation: 
although the object is listed as equal-magnitude occulta- 
tion double by Hoffleit & Jaschek (1991), Patience et al. 
(1998) did not detect a secondary. 

The turn-off region of the Hyades coincides with the 
lower part of the instability strip (e.g., Liu et al. 1997). 
Some of the stars accordingly pulsate (e.g., Antonello & 
Pasinetti Fracassini 1998). An example is the primary 
component of the 'resolved spectroscopic binary' 9^ Tau 
(HIP 20894), which is a (5 Scuti pulsator (e.g., Breger et 
al. 1987, 1989; Kennelly et al. 1996; cf. Appendix ^ and 
Table ^). The A7III-IV primary has an A5V secondary. 
The exact location of both stars in the turn-off region 
of the HR diagram therefore puts a severe constraint on 
stellar evolutionary models of the system as well as of 
the Hyades cluster (e.g., Lastennet et al. 1999). Unfortu- 
nately, the precise evolutionary status of the evolved com- 
ponent is unknown. Moreover, observations as well as the- 
oretical modelling are complicated by the fact that both 
stars, which are roughly equally bright, are rapid rotators 



vsmi 



80 km 



w sini] secondary <; 90 km 1), 



primary 

resulting in severely blended spectra. 

The secular parallax of the binary allows to position 
both components in the HR diagram with unprecedented 
precision. Figure |l^(a) suggests that 9^ Tau A is close to 
the end of the core Hydrogen burning phase, and is about 
to undergo an overall gravitational contraction which will 
ignite thick Hydrogen shell burning. This is consistent 



with the low amplitude of the pulsations, indicative of 
main sequence evolution (e.g., Li & Michel 1999; large- 
amplitude pulsators (0.10 mag or higher) are thought to be 
evolved stars in the Hydrogen shell burning phase) . These 
results confirm the conclusion of Torres et al. (1997c), 
which was based on the orbital parallax of the binary (Ta- 
ble |), but arc in conflict with Krolikowska's (1992) finding 
that 9^ Tau A currently burns Hydrogen in a thick shell. 

The bluest Hyad is HIP 20648 (A2IVm; {B - V) = 
0.049 ± 0.007 mag). Being a Hipparcos duplicity-induced 
variable (field H52 is 'D') and component binary (H59 is 
'C; AHp = 4.02±0.09 mag), the object is not included in 
our high-fidelity sample. Nonetheless, the object is a se- 
cure member of the Hyades: its secular parallax solution 
(based on the Hipparcos A-component proper motion; HIO 
is 'A') is of high quality {gmp = 0.46), and the observed 
radial velocity and parallax (secular as well as trigono- 
metric) are consistent with membership (e.g., table 2 in 
P98). Applying calibration (1) to the observed colour and 
secular parallax returns log(roff[K]) = 3.9649 ± 0.0061 
and \og{L/LQ) = 1.541 ± 0.017. These parameters put 
the star on the Hyades main sequence, but far beyond 
the turn-off (inset of Figure |l^(a)). This 'blue straggler' 
nature is not readily explained by rapid rotation (since 
wsini = 15 km s~^ and a pole-on orientation is unlikely) 
or an inappropriate calibration (e.g., Burkhart & Coupry 
(1989) found Tcff = 9050 ± 100 K). The observation of 
a large photospheric (and thus presumably also large in- 
terior) magnetic field (Babcock 1958) suggests that the 
apparently prolonged hydrogen core burning phase of this 
star, as compared to other members of similar mass which 
have already evolved off the main sequence, can be ex- 
plained if the Helium produced in the core is continuously 
replaced with fresh Hydrogen through large-scale mag- 
netic mixing (e.g., Hubbard & Dearborn 1980; Abt 1985). 
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Fig. 20. The Hyades red giant clump based on Hipparcos 
secular parallaxes (Appendices B.1-B.2). The solid line 
denotes Girardi et al.'s (2000a) (Y, Z) = (0.273,0.019) 
631 Myr isochrone. The objects 6^ and 9^ Tau are spectro- 
scopic binaries; their secular parallaxes and luminosities 



should be treated with care (§10.4). The 'suspected non- 
single' K2III giant 6 Ari is not coeval with the Hyades; 
this conclusion does not depend on the suspect secular 
parallax of the star (§10.4). 



spite the fact that Girardi simply accounted for mass loss 
by means of Reimers' (1975) empirical formula (using a 
mass-loss efficiency parameter of 0.4; Renzini & Fusi Pecci 
1988). A natural next step would be to investigate the vari- 
ation of the location of the red giant clump with metal- 
licity, mass loss, and mixing-length parameter (cf. Girardi 
et al. 2000b). Such an analysis would give, e.g., more in- 
sight into the reliability of red clump giants as distance 
calibrators (e.g., Alves 2000; Udalski 2000). 

The P98 member list contains one additional evolved 
star of spectral type K2III. This object {6 Ari; HIP 
14838; Appendix |B.2| ) has several characteristics of a non- 
member: it is located 15.34 pc from the cluster center, 
it has a near-Solar metallicity as opposed to the mean 
Hyades value [Fe/H] = +0.14 ± 0.05, it has an unreliable 
secular parallax solution, and it was rejected by de Bruijne 
(1999a) and Hoogerwerf & Aguilar (1999) as proper mo- 
tion member of the Hyades (Table |A.1| ) . Although the lat- 
ter two facts could be spurious due to possible duplicity 



(Appendix B.2; Wielen et al. 2000), Figure 20 shows that 



S Ari is not coeval with the classical giants in the cluster. 
We conclude that the star is most likely a non-member. 



The inset of Figure |8|(a) shows all objects in the turn- 
off region of the Hyades which are not contained in the 
objectively defined sample of high-fidelity members (cf. 
Table |). The deviant HR dia gram locations of some of 
these members are most likely caused by: (1) suspect sec- 
ular parallaxes (i.e., gmp > 9); (2) stellar rotation; (3) 
(spectroscopic) binarity; or (4) an inappropriate calibra- 
tion (§ ^.4[ ). The latter option might be especially relevant 
for the slowly rotating metallic-line A stars. Uncertainties 
in (metal-)line-blanketing, line lists, and opacities in at- 
mosphere models, the treatment of the diffusion of chem- 
ical elements, and the treatment of large-scale motions in 
the envelopes of these stars give rise to significant uncer- 
tainties in the Tog-scale (e.g., Smalley & Dworetsky 1993; 
Richer et al. 2000). 

10.4- The giant region 

The red clump of the Hyades contains four giants: 9^, S^, 
e, and 7 Tau; the determination of their effective tempera- 
tures and secular parallax-based luminosities is discussed 



in Appendices B.1-B.2 Whereas e and 7 Tau are single 
stars, 9^ and S-^ Tau are spectroscopic binaries. The secu- 
lar parallaxes of these double stars should be treated with 
care as they could be based on astrometric data which do 
not properly reflect their true space motions (§4.3). 

The location of isochrones in the giant region not only 
depends quite sensitively on metallicity but also on the 
mass loss history on the red giant branch and the adopted 
value of the mixing-length parameter Omlt- Nonetheless, 
all Hyades giants precisely follow Girardi et al. 's (2000a) 
Solar- metallicity 631 Myr isochrone (§9.2; Figure 20), de- 



10.5. White dwarfs 

The Hyades contains a dozen^ known white dwarfs (e.g., 
Huniason & Zwicky 1947; Luyten 1954, 1956; Bohm- 
Vitense 1995). They typically have V ^ 14 mag, which 
means they are too faint to be observed directly by Hip- 
parcos. However, several white dwarfs are contained in 
multiple systems (e.g.. Fanning & Pesch 1981), the pri- 
mary components of which were observed by Hipparcos. 
We discuss two of such systems. 



V47I Tau: HIP 17962 is a post-common-envelope de- 
tached eclipsing binary. It is composed of a DA white 
dwarf and a coronally active K2V star. Hosting the hottest 
and youngest Hyades white dwarf, V471 Tau has been 
studied extensively (e.g., Nelson & Young 1970, 1972; 
Guinan & Sion 1984; Clemens et al. 1992; Shipman et al. 
1995; Marsh et al. 1997). The system is a pre-cataclysmic 
variable: the K star does not fill its Roche lobe yet. The 
observed periodic optical and X-ray variations are related 
to material from the K-star wind being accreted onto the 
magnetic poles of the rotating white dwarf (e.g., Jensen 
et al. 1986; Barstow et al. 1992). 



The present-day luminosity function of the Hyades pre- 
dicts the cluster contains ~25-30 white dwarfs (e.g., Chin & 
Stothers 1971). The discrepancy between the observed and pre- 
dicted number of these objects is possibly explained by evap- 
oration from the cluster (e.g., Weidemann et al. 1992; Eggen 
1993; §[l.l|). One possible example of an escaped white dwarf 
is the P98 candidate HIP 12031 (DAwe...). It is located be- 
yond 40 pc from the cluster center, and is possibly a kinematic 
member (gmp = 0.80; gTycho-2 = 12.61). 
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Table 5. Fundamental parameters of two Hyades white dwarfs. V471 Tau: effective temperatures and surface gravities 
determined from ORFEUS/IUE spectra (Barstow et al. 1997; Werner & Ranch 1997). The orbital elements of the 
eclipsing binary imply a mass function of 0.174 ± 0.002 Mq; using 80° < i < 90° returns an astrometric white dwarf 
mass M = 0.759 ± 0.020 Mq for an assumed K-dwarf mass M = 0.800 Mq (Young 1976; Bois et al. 1988). The 
white dwarf radius R is independently determined from model fluxes and the observed parallax and flux. The inferred 
surface gravity then follows from combining this radius with the astrometric mass. Barstow et al. used Wood's (1995) 
evolutionary models to derive a spectroscopic mass M /Mq = 0.61'^q'\q and radius R/Rq — 0.014 ±0.003. 'This study' 
combines the secular parallax of V471 Tau with Werner & Ranch's model. HD 27483: results from Bohm-Vitense 
(1993) and Burleigh et al. (1998). The Burleigh et al. and 'This study' results were derived from an interpolation 
in Burleigh's table 5 using the Hipparcos trigonometric and secular parallax, respectively. Burleigh et al. themselves 
quote log 5 = 8.5, T^s = 2 2000 K, and M/Mq = 0.94. 



V471 Tau 
HIP 17962 


Barstow et al. 
(1997; TTHip) 


Werner & Rauch 
(1997; TTHip) 


This study 

(TTscc.Hip) 


Tcff [K] (spectroscopic) 
log((;[cm s~^]) (spectroscopic) 
M/Mq (from orbit) 
R/Rq (from parallax) 
log((/[cm s^^]) (inferred) 


32 4001^8^° 

».lD_o.24 

0.76±0.02 
0.0107±0.0009 
8.27±0.07 


35 125±1275 
8.21±0.23 
0.759±0.020 
0.0097±0.0013 
8.35±0.12 


0.759±0.020 
0.0098±0.0011 
8.34±0.10 


HD 27483 
HIP 20284 


Bohm-Vitense 

(1993; VTsecSchwan (1991)) 


Burleigh et al. 
(1998; TTHip) 


This study 

(TTaec.Hip) 


log(s[cm s"^]) 

M/Mq 
R/Rq 


23 800 
8.03 
0.60 
0.012 


21815 ± 178 
8.34 ±0.16 
0.84 ±0.10 
0.010 ±0.002 


21 555 ±84 
8.11 ±0.07 
0.696 ±0.041 
0.0121 ± 0.0006 



The effective temperature and surface gravity of the 
white dwarf in V471 Tau were recently determined by fit- 
ting synthetic spectra to observed spectra of the Hydrogen 
Lyman lines (Barstow et al. 1997; Werner & Rauch 1997; 
Table H). Unfortunately, the relatively large uncertainty in 
the best- fit \ogg values prevents an accurate mass deter- 
mination. It has therefore been common practice to infer 
the surface gravity of the white dwarf from its astromet- 
ric mass, obtained from the orbital elements of the binary, 
and its radius, obtained from its observed and modelled 
flux combined with its Hipparcos parallax (Table 

A more precise estimate of the white dwarf radius is 
available through its secular parallax. The latter is non- 
suspect (5Hip = 0.06), and fully consistent with the Hip- 
parcos parallax (TTHip = 21.37 ± 1.62 mas; TtgecHip — 
21.00 ± 0.40 mas). The long time-baseline Tycho-2 secu- 
lar parallax, which might be preferred over the Hipparcos 
secular parallax in view of the binary nature of the sys- 
tem (although Poib = 0.521 days only; Stefanik & Latham 
1992; §4.3), places the object at a slightly, though not sig- 
nificantly, larger distance (TTsec, Tycho-2 = 20.56 ±0.33 mas 
with 5Tycho-2 = 0.02). The Hipparcos secular paral- 
lax fits Werner & Ranch's (1997) model for a radius of 
R/Rq = 0.0098 ± 0.0011; the corresponding surface grav- 
ity is log 3 = 8.34 ± 0.10 for M/Mq = 0.759 ± 0.020 (Ta- 
ble ^ . These values are fully consistent with but (in prin- 
ciple) more precise than the results of Werner & Rauch 
(1997) and Barstow et al. (1997). 

HD 27483: In 1993, Bohm-Vitense reported the serendip- 
itous discovery of a DA white dwarf companion around 



the close F6V-plus-F6V binary HD 27483 (HIP 20284). 
Bohm-Vitense interpreted her spectra using Weseniael et 
al.'s (1980) unblanketed white dwarf models and Hamada 
& Salpeter's (1961) mass-radius relation, assuming a dis- 
tance to the system of 47.6 pc (the secular parallax de- 
rived by Schwan 1991; Table |^). Recently, Burleigh et 
al. (1998) presented an analysis of the object, based on 
updated atmosphere and evolutionary models (Koester 
1991; Wood 1995), using its Hipparcos parallax (TTHip = 
21.80±0.85 mas). The orbital motion of the binary (Porb = 
3.05 days; Mayor & Mazeh 1987) has not hampered the 
Hipparcos measurements: its secular parallax (TTscc,Hip = 
20.59 ±0.35 mas) is well defined {gmp = 2.73). We use cu- 
bic spline interpolation in Burleigh's table 5 to derive log g. 
Toff, M, and R for both the Hipparcos trigonometric and 
secular parallaxes (Table |5|). The secular parallax-based 
white dwarf mass {M/Mq = 0.70 ± 0.04) is significantly 
smaller than Burleigh et al.'s value {M/Mq = 0.94). The 
new mass estimate resolves the problem (acknowledged 
by Burleigh et al.) that the sum of the cooling age of a 
M = 0.94 Mq white dwarf and the evolutionary age of its 
progenitor is significantly shorter than the nuclear age of 
the Hyades. 



11. Summary and discussion 

At ~45 pc, the Hyades is the nearest open cluster to the 
Sun. Its tidal radius of '--^lO pc translates to an angular 
extent of several tens of degrees on the sky and to a signifi- 
cant line-of-sight extension compared to its mean distance. 
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Hipparcos trigonometric parallaxes, with typical accura- 
cies of ~1.5 mas, constrain the positions of members in 
the cluster to within a few parsec. Although this preci- 
sion is sufficient to study the three-dimensional structure 
of the cluster, and related issues like mass segregation, 
uncertainties in the 'trigonometric distances' to individ- 
ual stars dominate the error budget when constructing 
the colour-absolute magnitude diagram of the cluster. The 
considerable tangential velocity of the cluster (relative to 
the Sun) opens the possibility to derive parallaxes for in- 
dividual stars from their measured proper motions (§^. 
Despite the presence of an internal velocity dispersion in 
the cluster of ~0.30 km s~^ (in one dimension), the proper 
motion-based (secular) parallaxes are ~3 times more pre- 
cise than the Hipparcos trigonometric values (§5.4). 

The secular parallaxes are derived under the assump- 
tion that all cluster stars follow a three-dimensional Gaus- 
sian velocity distribution with an isotropic dispersion (§^. 
A careful analysis confirms the absence of significant ve- 
locity structure in the form of expansion, rotation, or shear 
(i||). Numerical and theoretical work suggests that mem- 
bers beyond the tidal radius of the cluster (the halo and 
moving group population) (may) have a systematically 
different velocity field from the main body of the clus- 
ter (the core and corona). We show that the maximum 
expected systematic secular parallax e rror s in the outer 
regions of the cluster are ^0.30 mas (§ |6.5|) , i.e., a factor 
~2 smaller than typical random secular parallax errors. 
The Hipparcos trigonometric and secular parallaxes as a 
set are statistically fully consistent. Nonetheless, we do 
find evidence for the presence of spatially correlated Hip- 
parcos measurements on small angular scales (i.e., a few 
degrees), consistent with the predictions of the Hippar- 
cos data reduction consortia (§6.2). The maximum 'am- 
plitude' of the correlation is ^0.50-0.75(7 ~ 0.75-1.00 mas 
per star, which is a factor of ^1 smaller than the value 
quoted by Narayanan & Gould (1999b). 

Our list of Hyades candidate members contains 233 
stars (§^. These are the 218 candidates selected by P98 
and 15 new Hipparcos stars selected by de Bruijne's 
(1999a) and/or Hoogerwerf & Aguilar's (1999) methods. 
Only one of the latter stars (HIP 19757) is a likely mem- 
ber (§5.2). Long time-baseline Tycho-2 proper motions are 
available for (most of) the brighter Hyades that were ob- 
served by Hipparcos; the corresponding secular parallaxes 
are fully consistent with both the Hipparcos trigonometric 
and the Hipparcos secular parallaxes. 

The secular parallaxes for members of the Hyades al- 
low the construction of the most precise colour-absolute 



and 0.80 mag is also present in the original sample and is 
therefore probably real (cf. figure 2 of Mermilliod 1981). 
Somewhat further to the blue, there are two conspicuous 
features ('gaps' and/or 'turn-offs') around {B — V) ~ 0.30 
(Teff ~ 7000 K) and ~0.45 mag (~6400 K). These fea- 
tures, which have never been observed this clearly before, 
but the existence of which was predicted by E. Bohm- 
Vitense already ^^30 years ago, are related to the use of 
the [B — V) colour as temperature indicator. We suspect, 
following Bohm-Vitense, that sudden changes in the prop- 
erties of surface convection zones in the atmospheres of 
stars with [B — V^ ^ 0.30 and ^^0.45 mag significantly 
affect the emergent UV and blue-o ptical fluxes, and thus 
the ([/ - B) and {B - V) colours (§|ia2|). 

As the Hipparcos members of the Hyades span a large 
range in mass and occupy a number of different evolution- 
ary states, their effective temperatures and luminosities 
provide stringent constraints on both the global character- 
istics of the Hyades (such as metallicity. Helium content, 
and age) and stellar evolutionary modelling in general (cf. 
Lebreton 2000). We combine the secular parallaxes derived 
in this study with two existing (B — F) — > log Teff and 
My — > XogiLfLo) calibrations (§ |9.4| ) to infer the fun- 
damental properties of the cluster as well as of a variety 
of members. The latter include, among others, stars with 
surface convection zones. Am stars, a 5 Scuti pulsator, red 
giants, and white dwarfs (§p^). We show that neither the 
Bessell et al. (1998) nor the Lejeune et al. (1998) (B-V)- 
Teff and Teff-BCy calibrations (whether correcting for the 
non-Solar metallicity of the Hyades or not) are appropri- 
ate throughout the entire mass range studied in this pa- 
per; only an ad- hoc combination of the two calibrations 
provides an acceptable fit to the P98 CESAM isochrones. 

An optimum exploitation of the secular parallax data 
requires several future steps. An obvious need is the con- 
struction of a set of isochrones that are based on ho- 
mogeneous stellar evolutionary modelling, tailored to the 
Hyades cluster in terms of chemical composition and age, 
from the low-mass main s equen ce (M ^ 0.50 Mq) through 
the clump-giant region (§ 10.4 ). The lack of this informa- 
tion prevents us from validating the chemical composi- 
tion and age of the cluster derived by P98. The precision 
with which the secular parallaxes constrain the locations 
of stars in the HR diagram brings out such detailed struc- 
ture in the main sequence (e.g., the Bohm-Vitense gaps) 
that the construction of future isochrones will require a 
fine-tuned mass sampling as well as, for stars near the 



magnitude diagram of the cluster to date (Figures 10 and 
[l3| ; see also, e.g., Madsen 1999). The main sequence is well 
defined, and shows a few conspicuous but artificial gaps, 
e.g., around {B-V)= 0.95 and between {B-V) = 0.30 
and (B — V) — 0.35 mag, caused by the suppression 
of (double and multiple) stars from our sample (cf. fig- 
ure 21 of P98). The small gap between (B -V) ^ 0.75 



Bohm-Vitense gap, inclusion of stellar rotation (§10.2). 
This study has shown that the most significant uncertainty 
in the secular parallax-based HR diagram locations of 
stars is now set by systematic errors in the available trans- 
formations of the observed optical broad-band colours and 
absolute magnitudes to effective temperatures and lumi- 
nosities (cf. Nordstrom et al. 1997; Castellani et al. 2000). 
This issue clearly requires future study, for which the sec- 
ular parallaxes provide stringent boundary conditions. 
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An application of the secular parallax method to other 
nearby clusters, such as Coma Berenices, the Pleiades, 
and Praesepe, is feasible. Improved parallaxes can be 
obtained for these groups (cf. Dravins et al. 1999), al- 
though several complicating factors exist (as compared 
to the Hyades). Among these are their larger mean dis- 
tances, smaller fields on the sky, less well-defined (Hip- 
parcos) membership lists, and the presence of interstel- 
lar reddening and extinction. The secular parallaxes for 
the Hyades cluster presented in this paper will only be 
superseded by the measurements of a second generation 
of astrometric satellites, such as FAME, DIVA, and no- 



tably GAIA (http://aa.usno.navy.mil/faine/ 



alp . de/groups/DlVA/ , astro . estec. esa . nl/GAlA/). 
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Appendix A: Data 



Tables A.1-A.2 contain data for the 218 Hyades candi- 



dates selected by P98 (§4.1) and the 15 new candidates 



selected by de Bruijne (1999a) and Hoogerwerf & Aguilar 



(1999; §4.2), respectively. The fundamental stellar param- 



eters listed in columns (10)-(13) of Table A.l are based on 
the Hipparcos secular parallaxes, and the V and {B — V) 
values listed in the Hipparcos Cata logue (ESA 1997; fields 
H5 and H37, respectively; cf. §9.4). 



J.H.J, de Bruijne et al.: A Hipparcos study of the Hyades open cluster 



35 



Appendix B: {B - V)-Mv log Teff-log(l,/i0) 

B. 1 . The giants e and 7 Tau 

The Hyades cluster contains two sing le g iants, e Ta u (HIP 
20889) and 7 Tau0 (HIP 20205; §[|9j and Wk - Both 
stars are located in t he gian t clump, i.e., the core Helium 
burning phase. Table jB.lp^ shows the results of applying 
calibration (1) (§ |9.4.2[ ) to e and 7 Tau for [Fe/H] = and 
+0.14 (although it formally applies to dwarfs only). 

The effective temperatures, surface gravities, metal- 
licities, and bolometric fluxes of e and 7 Tau have re- 
cently been determined through combining the infra-red 
flux method with modelling of high- res olut ion spectra us- 
ing MARCS model atmospheres (Table ^t|; Smith & Ruck 
1997; Smith 1999). Luminosities for both stars can be ob- 
tained by combining their bolometric fluxes with paral- 
laxes; results for Hipparc os tri gonometric and secular par- 
allaxes are listed in Table B.l under Smith & Ruck (1997) 



and Smith (1999), respectively. Although calibration (1) 
gives very similar results, we use the infra-red flux method 
temperatures and secular parallax-based luminosities. 

B.2. The giants 5^ and 9^ Tau and 5 Ari 

The giant Tau (HIP 20455) forms a common-proper- 
motion pair with the turn-off-region object Tau (HIP 
20542) at a separation of ~0?05. The giant itself is a 
single-lined spectroscopic binary (Griffin & Gunn 1977; 
P = 530 days, Ki = 3 km s~^; 1 = A — primary; 
2 = B = secondary); speckle observations have allowed 
the detection of a companion at 0'.'273 (Mason et al. 
1993; but see Patience et al. 1998). Despite the duphc- 
ity of 6^ Tau, its secular parallax solution is well de- 
fined (TTsocHip = 21.16 ± 0.37 mas with ^Hip — 0.07 and 
7rsGc,Tycho-2 = 21.14 ± 0.28 mas with gTycho-2 = 0.36; 
cf. TTHip = 21.29 ± 0.93 mas). Table ^ provides logTcff, 
log(L/L0), and logg for the primary component using 



calibration (1) (Sg4J) for [Fe/H] = -^0.14. 

The giant 6^ Tau (HIP 20885) forms a common-proper- 
motion pair with the spectroscopic binary 9^ Tau (Ap- 
pendix B.3) at a separation of ~0?10 {9^ and 9^ Tau were 
independently observed by Hipparcos as 'single pointings'; 
field H58 = '1' for both systems). The object 0^ Tau it- 
self is a 'resolved single-lined spectroscopic binary' (e.g.. 
Griffin & Gunn 1977; Torres et al. 1997c; P = 5939 days; 
Ki = 7.17 km s"i). Peterson et al. (1981) derived a mag- 
nitude difference AV ~ 3.5 mag by using Lunar occulta- 



^ Although 7 Tau was reported as p ~ 0'.'395 speckle double 
by Morgan et al. (1982), Mason et al. (1993) and Patience et 
al. (1998) could not confirm this result. Griffin & Holweger 
(1989) summarize the confusing literature on (non-existent) 
radial velocity variability, and conclude the object is single. 

Although Bessell et al. do provide separate relations for red 
giants in their table 5, the modeled (B—V) range is inconsistent 
with the measured values for both stars; the same holds for 
Lejeune's giant calibration in their tables 1 and 9. 



tions; Mason et al. (1993) detected a speckle companion 
at 0'.'048. Torres et al. (1997c) constructed an astrometric- 
spectroscopic orbital solution for the binary; the funda- 
mental parameters of the primary component were de- 
rived by assuming a distance of 47.6 ±1.9 pc (follow- 
ing from the orbital parallax of 9^ Tau). This distance, 
which corresponds to tt = 21.01 ± 0.84 mas, is fully con- 
sistent with both the Hipparcos trigonometric parallax 
('I'Hip = 20.66 ± 0.85 mas) and the Hipparcos secular par- 
allax (TTgecHip = 21.29 ± 0.37 mas), although the latter is 
suspect, presumably as a result of duplicity {gmp = 48.26; 
Soderhjelm (1999) hsts TTtiigonomctiic = 21.3 ± 1.0 mas). 
Fundamental parameters for 9^ Tau A are listed in Ta- 
ble B.2, A comparison with literature values shows that 
the effective temperatures for both and 9^ Tau are un- 
certain; we decided to use the McWilliam (1990) effective 
temperatures and secular parallax-based luminosities. 

The giants 9^, 6^, e, and 7 Tau are all located within 
^^2.5 pc of the cluster center (i.e., in the core region). 
The P98 member list contains one other red giant (HIP 
14838; S Ari), which is, however, located at 15.34 pc from 
the cluster center (e.g., Eggen 1983). Although its proper 
motion, parallax, and radial velocity are consistent with 
membership (c = 8.05 in P98's table 2), the object was not 
confirmed as member by de Bruijne (1999a) and Hooger- 
werf & Aguilar (1999) based on its proper motion and par- 
allax (§4.2; cf. Table A.l). The secular parallax solution 
derived in §^ is suspect {gmp = 66.87; TTHip = 19.44 ± 1.23 
and TTsccHip = 20.28 ± 0.28 mas), which is not surprising 
if the object is a non-member. However, S Ari is a 'sus- 
pected non-single' star (i.e., Hipparcos field H61 = 'S') 
and a 'A/i binary' (Wielen et al. 2000), which implies the 
Hipparcos astrometric parameters, and thus the secular 
parallax TTsccHip and corresponding goodness-of-fit param- 
eter gmp as well as de Bruijne's conclusion on membership, 
could be erroneous due to unmodelled orbital motion. The 
goodness-of-fit parameter of the Tycho-2 secular parallax 
(5Tycho-2 = 74.87), nonetheless, indicates that the long 
time-baseline Tycho-2 proper motion is inconsistent with 
the mean cluster motion. Although the WEB radial veloc- 
ity catalogue (Duflot et al. 1995) lists the star as single, de 
Medeiros & Mayor (1999) estimate the 'probability that 
the radial velocity of the star is constant' at 0.494 (based 
on 2 observations separated by 265 days); no speckle mea- 
surements have been reported for S Ari. The metallicity 
of the star has not been determined unambiguously (e.g., 
[Fe/H] = -0.03 ±0.09 [McWilliam 1990]; -0.012 ± 0.049 
[Taylor 1999]), although published values are more con- 
sistent with sub-Solar than with the mean value of the 
Hyades ([Fe/H] = +0.14; §U). Table ^ Hsts the pa- 



rameters of S Ari. In view of its near-Solar metallicity, we 
also applied calibration (1) (§9.4.2) for [Fe/H] = 0; we use 



these parameters. The star is likely a non-member (§10.4) 
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Table B.l. Fundamental properties of the single Hyades red giants (of. table 2 in Smith & Ruck 1997). The luminosities 
log(L/L0) listed for Smith & Ruck (1997) and Smith (1999) were derived from combining integrated stellar fluxes 
above the Earth's atmosphere determined using the infra-red flux method {F^ Tau = 1-14 • 10~^ W m^^; Tau = 
1.28 • 10~^ W m~^; Blackwell & Lynas-Gray 1998) with Hipparcos trigonometric and secular parallaxes, respectively. 
The giant metallicities [Fe/H] = +0.14 and masses M/Mq — 2.32 ± 0.10 used in calibration (1) were taken from P98. 
These mass estimates are consistent with the clump giant masses of ^2.4 Mq listed by Torres et al. (1997a, c). 



7 Tau (KOIII) 
HIP 20205 


Smith & Ruck (1997) 

L = //(vTHip) 


Smith (1999) 

L — //(vTscc.Hip) 


Calibration (1) 
[Fc/H] = ±0.14 


Calibration (1) 
[Fe/H] = 


log(L/L0) 
log(T,ff[K])- 
log (5 [cm s ^]) 
[Fe/Ur 

M/Mq 


1.901 ±0.016 
3.6959 ± 0.0035 
2.65 ±0.20 
±0.12 ±0.03 


1.869 ±0.016 

2.63 ±0.03 
±0.150 ±0.029 
2.30 ±0.10 


1.843 ±0.016 
3.7004 ± 0.0027 
2.714 ±0.027 
±0.14 
2.32 ± 0.10 


1.850 ±0.016 
3.6967 ± 0.0027 
2.692 ±0.027 
±0.00 
2.32 ±0.10 


€ Tau (KOIII) 
HIP 20889 


log(L/L0) 

log(Teff[K])'^ 

log (5 [cm s ^]) 
[Fe/Uf 

M/Mq 


1.956 ±0.015 
3.6912 ± 0.0031 
2.45 ±0.20 
±0.15 ±0.03 


1.927 ±0.015 

2.57 ±0.03 
±0.163 ±0.030 
2.30 ±0.10 


1.912 ±0.015 
3.6938 ± 0.0022 
2.619 ±0.026 
±0.14 
2.32 ± 0.10 


1.919 ±0.015 
3.6902 ± 0.0022 
2.598 ±0.026 
±0.00 
2.32 ±0.10 


Tctf.j Tau-e Tau [K] 


±54 ± 53 


±80 ± 20 


±76 ± 40 


±74 ± 40 



log(reff[K]) = 3.6955 ±0.0013 (Taylor 1999). 
log(rcff [K]) = 3.6985 ± 0.0013 (Taylor 1999). 
[Fe/H] = ±0.104 ± 0.009 (Taylor 1999). 



B.3. The spectroscopic binary 0^ Tau 



Table B.3 summarizes results on the fundamental stel- 



lar parameters of the 'resolved double-lined spectroscopic 



binary' 6*^ Tau (HIP 20894; § |10.3D . The uncertain semi- 
amplitude of the secondary velocity curve translates into 
a wide range of published mass ratios q (e.g., Peterson 
1991, 1993; Torres et al. 1997c). We applied calibration (1) 



(§9.4.2) for [Fe/H] — ±0.14 to both components separately 



(Table B.3). Lunar occultations have provided magnitude 
and colour differences: AV = V2 ~ Vi — 1.10 ± 0.05 mag; 
AiB-V) = {B-V)2-{B-V)i = -0.006±0.005mag (1 = 
A = primary; 2 = B = secondary; Peterson et al. 1981, 
1993). The combined magnitude V — 3.40 ±0.02 mag and 
colour {B -V) = 0.179 ± 0.004 mag therefore yield Vi = 
3.736 ± 0.020 mag, V2 = 4.836 ± 0.020 mag, {B - V)i = 
0.170 ±0.010 mag, and (B-F)2 = 0.160 ±0.010 mag. We 
adopt the calibration (1) values for both components. 
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Table B.2. Fundamental parameters of the primary components of and 6^ Tau and S Ari. The McWiUiam tempera- 
ture errors have been chosen as 0.0025. Taylor's (1999) catalogue lists (homogeneously determined) mean metallicities 
and temperatures based on literature results. The giant masses and metallicities used in calibration (1) were taken 



from P98. 



5^ Tau A (KOIII) 
HIP 20455 


Blackwell & 
Lynas-Gray (1998) 


McWilliam (1990) 


Taylor (1999) 


Calibration (1) 
[Fe/H] = ±0.14 


log(L/L0) 
log(reff[K]) 
log(s([cm s ^]) 
[Fe/H] 
M/Mq 


3.6927 ± 0.0039 


3.6937 ± 0.0025 
2.85 

±0.00 ± 0.07 


3.6973 ± 0.0013 
±0.104 ±0.009 


1.835 ±0.016 
3.6999 ± 0.0022 
2.716 ±0.026 
±0.14 
2.30 ±0.10 


6*1 Tau A (KOIII) 
HIP 20885 


Torres et al. 
(1997c) 








log(L/L0) 

l0g(Teff[K])^ 

log(sr[cm s ^]) 
[Fe/H] 

M/Mq 


1.98 

3.6902 ± 0.0089 
2.63 ±0.07 

2.91 ±0.88 


3.6955 ± 0.0025 
3.17 

±0.04 ±0.10 


3.7042 ± 0.0013 
±0.104 ±0.009 


1.791 ±0.016 
3.7062 ± 0.0022 
2.789 ± 0.026 
±0.14 
2.32 ± 0.10 


5 Ari (K2IIIvar) 
HIP 14838 


Calibration (1) 
[Fe/H] = 








log(L/L0) 
log(reff[K]) 
log(p[cm s 2]) 


1.673 ±0.013 
3.6837 ± 0.0023 
2.815 ±0.025 


3.6821 ± 0.0025 
2.93 


3.6817 ±0.0025 


1.665 ±0.013 
3.6872 ± 0.0024 
2.837 ± 0.025 



[Fe/H] ±0.00 -0.03 ±0.09 -0.012 ± 0.049 ±0.14 
M/Mq 2.31 ±0.10 2.31 ± 0.10 

log(rcff [K]) = 3.6803 (Ridgway et al. 1980) and log(reff [K]) = 3.6665 ± 0.0075 (Peterson et al. 1981). 

Table B.3. Fundamental parameters of the components of the spectroscopic binary 0^ Tau (HIP 20894; cf. Table ||). 
The symbol q = M2/M1 < 1 denotes the mass ratio of the two components (1 = A = primary; 2 = B = secondary). 
Peterson et al. (1993) based their results on spectral line modelling using Kurucz (1991) models; their component masses 
are likely underestimated. Krolikowska (1992) used stellar evolutionary models lacking convective core overshoot. Her 
results depend sensitively on the adopted evolutionary status and chemical composition of the primary; values listed 
here assume a primary in the thick Hydrogen shell burning phase, {X, Y, Z) — (0.70, 0.27, 0.03), and log(r/yr) ~ 8.73 
(cf. log(T/yr) = 8.8015];?^ for Z = 0.027l[J;^?? [Lastennet et al. 1999]; log(r/yr) = 8.80 ± 0.04 for Z = 0.024 ± 0.003 
[P98]). A & PF stands for Antonello & Pasinetti Fracassini (1998). We adopt cahbration (1) for [Fe/H] = ±0.14 using 
Mi/Mq = 2.37 ± 0.10 and M2/M0 = 1-95 ± 0.10 (Lastennet et al. 1999). 



Tau A 
(A7III-IV) 


Peterson et 
al. (1993) 


Krolikowska (1992) 
± Breger et al. (1987) 


A & PF ± Tom- 
kin et al. (1995) 


Calibration (1) 
[Fe/H] = ±0.14 


log(L/LQ) 
log(reff[K])- 
log(fif[cm s ^]) 

M/Mq 


3.9243 ± 0.0052 
3.9 ± 0.05 
1.71 ±0.20 


1.75 ±0.11 
3.9191 ± 0.0052 
3.8 

2.63 ±0.10 


1.72 ± 0.04 
3.9138 ± 0.0053 
3.701 ± 0.058 
2.33 ±0.21 


1.686 ±0.016 
3.9020 ± 0.0029 

3.687 ±0.027 
2.37 ±0.10 


e'^ Tau B (A5V) 


log(L/Le) 
log(reff[K])^ 
log(s[cm s ^]) 

M/Mq 


3.9243 ± 0.0052 
4.3 ±0.05 
1.61 ± 0.12 


1.31 ±0.11 
3.9243 ± 0.0052 
4.0 

2.23 ±0.10 


1.80 ±0.31 


1.256 ±0.016 
3.9154 ±0.0031 
4.085 ± 0.030 
1.95 ±0.10 


i"92 Tau [mas]'^ 


0.94 ±0.13 
23.58 ± 0.83 


0.85 ±0.05 
19.72 ± 1.36 


0.76 ±0.14 
22.68 ± 1.13 


0.82 ± 0.05 
22.24 ± 0.36 



log(reff,i[K]) = 3.9138 ± 0.0053; log(Teff,2[K]) = 3.9191 ± 0.0052 (Breger et al. 1987). 
q = 0.82 ± 0.05 and q ~ 0.88 (Peterson 1991); 

q = 0.76 ± 0.14 (Mi/Mq = 2.10 ± 0.30; M2/M0 = 1.60 ± 0.20; Tomkin et al. 1995; P98); 
q = 0.87 ± 0.13 {Mi/Mq = 2.42 ± 0.30; M2/M0 = 2.11 ± 0.17; Torres et al. 1997c). 



7re2 Tau = 22.88 ± 0.99 mas (Pan et al. 1992); 
TT02 Tau = 22.68 ± 0.87 mas (Torres et al. 1997a); 
7r£)2 Tau = 21.22 ± 0.76 mas (Torres et al. 1997c); 
Tau = 21.89 ± 0.83 mas (ESA 1997). 



Table A.l. The 218 P98 Hyades candidates. Columns: (1) Hipparcos number; (2) Tycho identifier; (3) Hipparcos trigonometric parallax TTHip and associated 
error (mas); (4) Hipparcos secular parallax TTgccHip and error (mas); (5) Hipparcos goodncss-of-fit parameter gmp] (6) Tycho- 2 secular parallax 7rsoc,Tycho-2 
and error (mas); (7) Tycho-2 goodness-of-fit parameter ffTycho-2; (8) mass M (in Mq; from §5.3 in P98; cf. §9.4.5); (9) logarithm of effective temperature 
Teff (in K) and associated error; (10) bolometric correction BCy and error (mag); (11) logarithm of luminosity \og{L/LQ) and error; (12) logarithm of 
surface gravity log(g[cm s^^]) and error; (13) miscellaneous flags: (a) '1' if an optical companion was not counted in the mass; (b) '1' if the mass is 
particularly uncertain (from P98); (c) '1' = spectroscopic binary ('SB'), '2' = radial velocity variable ('RV') (cf. column (s) in P98's table 2); (d) Hipparcos 
duplicity flag H56 (T = 1, 'M' = 2, 'H' = 3; cf. column (t) in P98's table 2); (e) Hipparcos duplicity flags H59 and H61 ('C = 1, 'G' = 2, 'O' = 3, 'V = 
4, 'X' = 5, 'S' = 6, 'X/S' = 7; cf. column (u) in P98's tabic 2); (f) Hipparcos photometric variability flag H52 ('C or 'empty' = 0, 'D' = 1, 'M' = 2, 'P' 
= 3, 'R' = 4, 'U' = 5); (g) '1' or '2' if columns (10)-(13) were derived using calibration (1) or (2) (§§9.4.2 and 9.4.3); (h) P98 membership (column (x) 
in their table 2; '1' if based on proper motion and radial velocity, '2' if based on proper motion only, '3'/'6' if 'l'/'2' but rejected by de Bruijne (1999a), 
'4'/'7' if 'l'/'2' but rejected by Hoogerwerf & Aguilar (1999), '5'/'8' if 'l'/'2' but rejected by de Bruijne and Hoogerwerf & Aguilar); (i) index to notes ('1' 
if note is present). 
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Table A.l. Data for the 218 P98 Hyades candidates (continued). 
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Table A.l. Data for the 218 P98 Hyades candidates (continued). 
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Notes to Table Al: 12031: white dwarf (footnote 20); 14838: giant 5 Ari (§§10.4 and B.2); 'A/j, binary' (Wielen et al. 2000); 15720: M dwarf (Figure 15); 17962: white 

dwarf (§10.5); 18018: Tycho-1 number suppressed in Tycho-2 catalogue; 19789: 'A^ binary' (Wielen et al. 2000); 19870: 'A^i binary' (Widen et al. 2000); 19877: X-ray 
star (Figure 19); 20019: spectroscopic binary (e.g., McClure 1982; Torres et al. 1997a; Lastonnet et al. 1999; Lebrcton 2000); 20087: spectroscopic binary (Table 3; 
of., e.g., Torres ct al. 1997a; Lastennet et al. 1999); Mi = 1.72 ± 0.27 Mq and M2 = 1.31 ± 0.21 Mq (Soderhjelm 1999); 20205: giant (§§10.4 and B.l); 20215: 
TTtrigonometric = 23.3 ±1.2 uias (Soderhjelm 1999); 'Ajj, binary' (Wielen et al. 2000); 20255: 'Afx binary' (Wielen et al. 2000); 20284: white dwarf (§10.5); 20400: Table 4; 
20440: entry with resolved Tycho-2 photometry; 23205: entry with resolved Tycho-2 photometry; 20441: 'A/x binary' (Wielen et al. 2000); no Tycho-2 proper motion; 
20455: giant (§§10.4 and B.2); 20484: Table 4; 20542: companion of 5^ Tau (B.2); 20553: 'A/i binary' (Widen ct al. 2000); 20577: footnote 12; 20614: Table 4 and 
§9.2 in P98; 'A/i binary' (Widen et al. 2000); 20648: blue straggler (§10.3); 'A/i binary' (Widen et al. 2000); 20661: spectroscopic binary (Table 3; cf., e.g., Peterson 
& Solensky 1987; Torres et al. 1997b); 'A/i binary' (Widen ct al. 2000); 20679: 'A/i binary' (Wielen et al. 2000); 20686: TrtHgonomctric = 24.1 ± 1.1 mas (Soderhjelm 
1999); 20711: Table 4; 20713: Table 4; 'A/i binary' (Wielen et al. 2000; cf. Simon & Ayres 2000); 20719: 'A/i binary' (Wielen et al. 2000); 20751: 'A/x binary' (Wielen 
et al. 2000); 20885: giant (§§10.4 and B.2); 'A/i binary' (Wielen et al. 2000); 20889: giant (§§10.4 and B.l); 20894: 'resolved spectroscopic binary' 9'^ Tau (Table 3 
and §§10.3 and B.3); 20901: Table 4 and §9.2 in P98; 20916: TTtrigonomotric = 24.5 ± 1.6 mas (Soderhjelm 1999); 'A/i binary' (Wielen et al. 2000); 20995: 'A/i binary' 
(Wielen et al. 2000); entry with resolved Tycho-2 photometry; 21008: 'A/i binary' (Wielen et al. 2000); 21036: cliromosplicrically active star (§10.2); 21039: Table 4; 
21053: 'A/i binary' (Wielen et al. 2000); 21138: Tycho 1 number suppressed in Tyclio 2 catalogue; 21137: 'A/t binary' (Widen et al. 2000); 21273: Table 4; 21280: 
TTtrigonometric = 26.0 ± 1.5 mas (Soderhjelm 1999); 'A/i binary' (Wielen et al. 2000); 21459: 'A/t binary' (Wielen et al. 2000); 21543: 'A/t binary' (Wielen et al. 2000); 
21588: 'A/i binary' (Wielen et al. 2000); 21589: Table 4; 21670: Table 4 and §9.2 in P98; 'A/i binary' (Wielen et al. 2000); 21683: Table 4; 22157: Table 4; 22221: 
'A/i binary' (Wielen et al. 2000); 22350: 'A/i binary' (Wielen et al. 2000); 22380: 'A/i binary' (Wielen et al. 2000); 22496: 'A/i binary' (Wielen et al. 2000); 22505: 
TTtrigonometric = 20.0 ± 1.0 mas (Soderhjelm 1999); 22550: TTtrigonometric = 20.21 ± 1.08 mas (Soderhjelm 1999); 22565: Table 4; 'A/i binary' (Wielen et al. 2000); 22607: 
TTtrigonometric = 22.9 ± 1.0 mas (Soderhjelm 1999); 'A/i binary' (Wielen et al. 2000); 23497: §10.3 and Figure 17; 23701: 'A/t binary' (Wielen et al. 2000); 23772: 'A/i 
binary' (Wielen et al. 2000); 23983: Table 4; 24019: Table 4; 24020: Table 4. 



Table A. 2. The 15 new Hyades candidate members (§4.2) in (extended) P98 table 2 format, but excluding columns (b) (m). Only HIP 19757 is a likely 
new member (§5.2). Columns (cf. P98): (a) Hipparcos and Tycho identifier; (n. o) Hipparcos parallax and error (mas); (p, q) radial velocity and error 
(km s~^); (r) source of radial velocity ('S' means data from SIMBAD [http://cdsweb.u-strasbg.fr/Simbad.html]); (s) 'RV = radial velocity variable 
(from Duflot et al. 1995) ; (t) 'HIM' = star was previously known, or classified by Hipparcos, to have resolved components (from field H56) ; (u) 'C G O V X' 
= relevant part of the Hipparcos Double and Multiple Systems Annex (DMSA; field H59) supplemented by 'S' = suspected Hipparcos binary (field H61); 
(v) three-dimensional distance from the cluster center of mass defined by 180 stars (table 3 in P98; in pc), based on Hipparcos trigonometric parallax; 
(w) kinematic P98 membership statistic c (their eq. 16); (x) final membership assigned by P98 ('0' = non-member, '1' = member); (y) Hoogerwerf & 
Aguilar (1999) membership 'probability' pha (denoted S in their paper), based on proper motion and parallax data (their §2.4); (z) de Bruijne (1999a) 
membership probability p^B, based on proper motion data only (his §2.4.4). The last four columns provide the Hipparcos and Tycho-2 secular parallaxes 
7rsec,Hip/Tycho-2 and Corresponding goodness-of-fit parameters ffHip/Tycho-2 (§5). 



HIP & TYC 




Parallax 


Radial velocity 


Multi- 




Membership 






8ecular parallaxes 








(a) 




TTHip ± CTtt, Hip 


^rad i ^ ^rad 


plicity 


(v) 




(x) 


Pha 


PdB 


Hipparcos 


Tycho-2 










(n, o) 


(p, q, r) 


(s, t, u) 


(w) 


(y) 


(-) 


TTseCjHip 


flHip 


Wsec, Tycho-2 <?Tycho-2 


14232 




1794 01818 


1 


20.01 ± 0.88 


+10.80 ± 2.00(S) 




19.20 








0.76 


9.42 ± 0.23 


181.88 


8.71 ± 0.28 


0.04 


18965 




1826 00378 


1 


28.44 ± 1.12 


-10.30 ± 2.00(S) 




15.17 








0.95 


41.59 ± 0.28 


170.83 


43.48 ± 0.32 


7.09 


19757 




0671 00217 


1 


16.56 ±4.48 




15.40 






0.10 


0.65 


20.19 ± 1.04 


2.67 


20.52 ± 0.71 


5.26 


19981 




1815 01907 


1 


30.56 ± 1.52 


+28.82 ±0.20(1) 


RV I 


14.80 


21.14 







0.51 


22.26 + 0.42 


36.83 


22.04 ± 0.39 


0.04 


20616 




0676 00438 


1 


21.00 ± 1.37 




3.91 








0.06 


9.49 ± 0.42 


137.63 


9.56 ± 0.42 


76.52 


20693 




0081 01629 


1 


22.03 ± 0.90 


+29.67 + 0.30(1) 




9.31 


17.54 





0.19 


0.55 


19.67 + 0.37 


13.47 


18.98 ± 0.47 


5.29 


20777 




1820 01418 


r 


25.72 ± 6.36 


V 


10.45 








0.01 


5.56 + 1.42 


23.77 






20895 




1833 00567 


1 


25.00 ± 3.24 


-16.00 ±9.99(S) 


HC 


9.98 








0.60 


14.38 + 0.79 


11.21 


15.60 ± 0.61 


11.19 


20904 




2372 02101 


1"^ 


18.42 ± 1.61 


-36.60 ± 2.00(S) 


RV I C 


14.21 








0.79 


5.77 ± 0.63 


64.88 


5.25 ±0.37 


18.02 


21475 




0690 00797 


1 


18.93 ± 1.75 


I 


7.50 


20.92 







0.37 


34.96 ± 0.58 


105.05 


36.10 ±0.51 


6.29 


21760 




1842 01264 


1 


13.17 ±0.94 


+24.80 ± 2.00(S) 




32.39 






0.22 




11.55 ± 0.35 


3.77 


12.28 ±0.36 


0.04 


21961 




1830 02127 


1 


20.03 ± 0.71 


+7.70 ± 2.00(S) 




7.70 








0.28 


5.50 ± 0.40 


556.20 


4.67 ± 0.32 


131.19 


22449 




0096 01462 


1 


124.60 ± 0.95 


+24.10 ± 0.90(S) 


RV I 


38.99 






0.67 




122.54 + 0.48 


26.42 


113.44 + 0.38 


0.04 


24480 




1291 00385 


1 


16.54 ± 1.40 


+21.70 + 2.00(8) 


G 


17.51 






0.15 


0.21 


19.30 + 0.66 


10.38 


20.61 ± 0.48 


27.80 


25730 




1860 00628 


1"= 


11.24 ±0.84 


+13.20 ± 2.00(8) 




47.24 






0.25 




12.71 ± 0.39 


8.60 


12.98 ± 0.41 


17.69 



T Tauri-typc star with two components (SIMBAD); Tycho-1 number suppressed in Tycho-2 catalogue. 
A component in double system (8IMBAD). 
T Tauri-type star (8IMBAD). 



